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A Rew™  of the Processes That
Control Snow Friction

SAMUEL C. COLBECK

LINTRODUCTION

There is a long history of interest in snow friction,
mostly because of thic interest in recreational skiing.
However, interest in snow friction also comes from a
variety of subjects of practical impornnce including
automobile tires, aireraft skis, ice breaker propulsion,
and ott-road rehicles. Kinetic iriction has been studied
the most and is discussed hzre because of the applica-
ton of that information to skiing, but static friction is of
more interest in applications such as automotive trac-
tion (Ahagon ct al. 1988).

There has been considerable unesttiunty about the
mechanmsmsof snow and iee tniciion. nparticular, there
has been controversy over the melt-tubrication theory,
but there iy a considerable body of evidence to support
the idea, and lubrication by melting is widely accepted
inotherareas of frictional studies, ortribology (e.p. Lim
and Ashby 1987). Because this is the central issuc to
undenstunding friction over a wide range of natural
conditions, much attention is devoted to it here. These
1ssues are constdered 1 the carly stages of this review
and then the pertinent observations on snow triction are
summarized. This approachis tiken because the pu pose
here istounderstan Tsnow {Ticuon, not justto sumnuerze
obser-ations of it

Work on this subject began sonme time ago (e.g.
Ghddon 1923), but the most important period vas when
Bowden developed both the funda.aental ideas behind
the theory (e.g. Bowden and Hughes 1939) and intio-
duced polytetrativorocthrlene (PTET v as a better
base tor recreational skis (Bowden 195 ). There was
also mterest i aireraft skis an this penog (e Fiem
1947). mcluding a lototinterestin the USSR during the
war yvears, Associated with the Winter Olympic Games

in Sapporo, the Japanese published Screnrific Stidv of

Skitng m Japan (Socicty of Skt Science 19713, and the
Scandmavians increased then effores m the Tate 19705,
This high level of interestis likely to continue because
of the widespread mterestim recreational shung and sk
racing. As inmany arcas of technology, the subject his

been developed 1o a very bigh level without a good
physical understanding of the processes, but to continue
the evolution, rescarch will be necessary to improve our
basic understanding of the mechanisms that account for
the low friction of snow. The outstand'ng questions
require increased knowledge of the contact area be-
tween snow and shiders, the role of meltwater lubrica-
tion including thickness of the water tilms, the occur-
rence of electrical charges, the possibility of capillary
bonds, the action of dirtatthe interface, and dry trictional
processes Knowledge of the eftfects of load, speed,
temperature, snow type, and shder properues on all of
these processes and parameters 1s critical to under-
standing even the simplest results from friztion ex-
periments or observations under natural conditions,
Otherwise the results of Taboratory expetuments are
often not transferable to other environments.

Bevond naking a brief mtroduction to the snow
surface, the purpose here is to review what 1s knowan
about spow friction and to advance the tield by esting
some commen assertions it ut snow friction. To this
«nd the mechanisms esponsible for sliding will be
reviewed, espectally dry sliding and meliwater lubri-
cation. The descmptions ot some of these mechanisins
are eapanded, but there is not ecnough iformationabout
them io combine thenmnto a theory of snow friction o
apphication. The measured values of friction will be
sumniartzed o adentity the effects of Joad. speed. and
temperature, Observations of interfacial beatand hgud
cencration will be reviewed and some new pesalts
mtroduced. When possibie, the most gencaal possible
conclustons will pe drawn from these tests. but the
results are oftenspecitic to the particular test condifions.,
With some understanding of the processes and obser
vations available. anernpts tomindify friciionby adpsting
the properties of skt bases aie examined, becanse ox-
perience with shywaximg and structuning should help s
understand the processes. This w to should help

nufy the nujor remaimimz problems tor rescerch and
the prospects forincreasing o understanding of the

subject.



II. SNOW SURFACE

Much information has beer. generated about the
physical properties of snow, ard some of that informa-
tion s apphicable to the snow surtace. The snow temn-
perature, density, strength. hquid-water content, and
crystal types are of particular interest, but these show
narameters are difncuit to meusure on the sertace and/

or they assume rather different value. just because ol

the presence of the airsnow intes tace. Furthenmore, the
pastage of aoshder attects sonse of these paranmieters,
espectatly temperature, density, liquid-water content,
and crvaral shape.

When snowtall oceurs the erystals can be classified
using one of the siandard classitication systems such
as Magzano and Lee (1906). There is a wide range of
possible crystal types depending on the previnling: tem-

peratwre and humidity condivons during the for-

o Anice particle polished by rubbing with u fiber block.
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b An ice parucle polished by repeated passes of
Novdic-type skis. The bamps on the polishied s pace
appearvd to lave resulied from the sit drawany the
wates filnas it moved past the wce gram.
.y )
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mation of snow crystals in the atmosphere. Although
there may ot be any expermmental observatjons show-
ing the elects of diferent types of fresh snow crystals,
shiershave learned thatcold i shsnow andman made
snow are Tagperessive” and require harder waaes. The
lack of information about the compactve suength,
porosity. and cngulanty of differeni types of snow
surfaces Tnits the application of knowledge about
snow o general statements about the prevailing con-
dittons. A more detanded classificanon of snow s
tace conditions is needed to cover the complete range
of conditions mcluding fresh, windblown, wetl sur-
tace hoar, tinspiegels glazed. vimmed. potished, and
retrozen sarfaces. A start on this clissiication can be
tound n Colbech et al. (1990). but that classitica-
ton as done without special attention 1o the surface
conditions.,

Snow fnction is often of terest in situations where
Jesutace hasbeen pohished by repeated cros. 1gs.and
detuled microrcopic observations of the snow surface
Tollowing reoeated passes are needed o dociment the
effects that the slider has on the snow. The polished
snow grams i Figare 1 show what appear to be mielt
witter caps tormed on snow surfaces. and Figuie 2
showsasurtace thatis highly pohished from repeated sha
passes. These pohished graims can be generated by
luill!ing G stuon suidacy st i Hlat objoct aad
indicate nictting and refreezing on the ice gruns that

were contacted. Figare Thshows amelied gramn surtace

from the passage of Nordic skos. Defimite evidence of

melung and refreesing canbe seen on this simooth,
sutface that 1~ not onented with the facets of the ice
crystul The small bumps onthe surface sugvestthat the
melta ater layer was drawn into hquid islands before

ichioze. Bigie 2 shows an oblique view ol a lighly

polished snow surface where the smooth, dark suraces
appean tohave resulted frommehting and refreezing due
to repeated passes of Nowdie skis. This photograpn
shows contiict, of about 100 to 300 pm m size and a
contact area af nearly S0%  which s much higher than
forsurtacesthathave notseenas many shipasses. These
highly polishied Suifaces are weli known o have Jower
trictnon than unpolished surtaces: this s notsurprising
siee ice s oshippenier than snow. possibly due to the
dynanues of Luger comacts (Colbe "k 1988 or the Tack
of angularice grams.

Tos alsoimportant to Took forevidence of recrystal-
lizaon on the suituce of we asperites that may be
deformed by dry processes as the shider passes. Bothice
and other matertals nucleate small erystallites at the
surtace that are oriented for casy ghide. These would
olfes essiesistance todetormaticn, o itis imporant to
know it they existon snow sutfaces. Other signs ot dry
processes such as flake removal o gouging should be
sought, especially at low speeds, small loads, and Tow
temperatures where meitwater lubncanon s himited. In
my exanunations ol snow surfaces thave not seensuch
cvidence but Huztoha (1962) saw ee chips at a low
specdwhere lessheatis penerated. Untortunately  sinee
meltwater usually exists at the surfaces of the ice

A IR I R R R N U e R R TR T I I
PR A JLAGUROC Qo reony s anniahon o

cven govging nught be destroved as the melivater
efreczes Bvidence of surtace conditons dermg shding
is ditheuli to gather, and i is especiaily difficult o
estnate tie actual contact area dunng shdimg (Ludema
193:4). The sk temperatvie measurements descrbed
Liter give some mtormationabout the surface conditiois
during shdimg:.

o .
&’?-"3&» T ; .
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Frgure 2.Qblyque phestograph of aluehly polisied area of
suosvafter tepeated passes of Novdie ivpe shis The bl i
areas were the SUPPOTTING NUT[edy 0N thiat .1/!/!('(11:'(1' o

distance to formr g soiid, ey anface stk a oo ke

Jinish




HL SLIDING MECHANISMS AND MODELS

The shiding processes e discussed betore the
measurenments of tocton are presented because it
necessary to have atleasta general understandimg of the
processes before the experimental results can be put into
perspective. Untortunately this will lead o some rep-
ctiionof the discussionof both theery and observations,

Varous mechanisims contribute 1o the resistance o
shiding oversnow: plowimg and compaction of snew in
front of the shder, snow deformation below the shider.,
detomation or fiacture of aspetities, shearing ol the
water films that support the shider’s weight, capillary
aitraction from other water atiachments. and drag by
surface durt. Although adhesion ix i very important parn
of friction when the sliding materials are simitarin their
molecularstructure, ore smooth, and have time to bond
(Rabmowicz 1984), 1hs ignored here because ice grains
ustally shde on a very dissimilar matenal. such as
polyethylene or shi wax. Furthermore. the surfaces are
probably notmolecularly smeoth, the times forimterac-
tion are usually short, and polyethylene aad P.T
surtaces are known to have low adhesion o other
materials (Steyn 1967). Electrostatic forees may inter-
act with some of these mechamsims, especialis when
sohid-to-sohid contacts cause electrostatie charges tht
attract dits Some informadion s viven about cach of
these mechinisms here but there s not sufhicient in-
tormation available to give much detil torany ot them.
Furthermore, 1t is hind to generalize from most of the
avaitlable measurements of fniction, so the experimental
resulls are not always helptul i testing the ideas pre-
sented anout these mechanisms.,

Although the mechanmisms do not aperate indepen-
dently _ditterentinechanisms do dommate underditter
ent conditions ot load. + ed, temperature. roughness,
wetnessosnow type, and shdercharacteristios. Later we
will examme the idividual mechanisms and descibe
some of thetr mterictions. It the processes operated
Ladependently. the total friction (o could be expressed
ds the sum of o scries of tomis epresenting cach
mechanisim, or

Ho= Hpow = By a3 Ut g, th)

where the subsenpts plow drv, fub. cap.and direep
reseitt the fricnon due 1o plowing, sohd detormation,
water lubnicanon. capillary attraction, and surface con-
taminanon. respectively. Other terms. such as one due
to snow disagzreganion: could also be included and
nightbe nnportant smee snow prinns seemiorelease by
rebound atter tapid sk passage. When two processes
interact i parallel, howeyer the total thenon must be
expressed: tor example, as

| R 2
Iz “\Il_\ Hiun

Then it iy much more ditticult 1o desenibe the total
friction because the processes must be undesstood inde-
pendently and collectinvely .

It cnough iformanon were available about the
mechamss, the contribution of each could be cenve-
niently summarized ina friction mechamsm map such
as those developed for wear by Lunand Ashby (1987).
Thermaps were constructed tromthe available expen -
mental data and tien explained by theory. A map for
snow s suggested i Figure 3ator twoshiding mecha
nisms: asperity deformzuon and movement over frims
ofmeltwater. Inteality the demarcations betw eenthese
regimes are indistinet sinee there may be some sinkage
occurring concuirently with either of the other two
mechanisms, winch themselves oceur simultencously
when the melt films only partialty separate the two
solids,

Plowing. dirt.and capillary forees increase drag but
cannot be wdded o this map without resorting 1o
mulupic aves thatwould include snow compressibihity.
dint concentration, and hqud-water content or tem-
peratue. The etfecr of temperature is shownin Figure
3bhowhere capitlary dragisincluded o account tor higud
attachmeneotharadd Gag butdo netappaeiithe weight
of the shder. Theadea of acapllarny attazhinent to ashi
s shownn Figure £ although these attachments have
not been seen at a snow/shder mtertace aselt. The
processes shown e Frignee 3h do oot hane clear
boundanes either.and we expectnerghboning processes
W occur sitnultncously. Simee heataccumulates along
the fength ctasiider. diy processes appear to donumate
at the fiont of the shider (Klem 1917) but fuicton s
reduced Larther along the shider where there is enougzh
accumulated heat to generate meltwater at the imterface
(Colbeck T98%). This adea s supparted turther by the
temperature measurciments of Colt eck and Wanien (u
press) who tound that i sotter snov. wheire the long
tudinal contact between the two surfaces was moie
untform, tempeiature mereased along the entoe fength
of the ski.

There are nany other varnables mussmg trom this
tncnon mechamsm map, includime shder characters
tes such as roughness, thermal conductivity, flexabil-
v, shder ardnesss and water repellency as well as
snow charactenstios sach as sutbace glazing, crvstal
angulanty - and compressibihiny. The nomber of these
impottant parameters o vanables show s how ditticult
it todescube snow fricttonim a gencral way and show s
how nuch more smplex the subject of snow tnchon s
than that of many other subjects i tibology . such as

twomcetals meontact. Neverthelesscitis worth fook ing
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ateach of the mechamsms sepatately to show how they wicatly on the density of the snow and the pressuie

¢ be deseribed. exerted, while temperatwe and speed e also impor

tant. From momentum considerations, Glenne (1987)

Plowing and compaction

There s resistinee o a shder's motion when the
now s compressed and/or pushed aside ashe shides
proceeds. Both of these processes dissipate energy and
slow forward progress: Compaction was discussed by
Nakayva ot al. (1971), who showed examples ot the

compression bulb below wskis This process depends

suggestedthatthe frontaihmpactresistance (1o teould
be approvimiated

/'-l‘h“‘ = pon Wi A (3

where P IS SHow (l(‘ll,\ll) wesshderwidthaosars \IK‘L'\l_

and A/s the sinkaee depth, The equnalent coethicrent
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be obiuned fromtests suchas Abele “nd Grow 'S (1976),
bHoassull unknown so the problem is not sohved. Howwe-
ever, these relationships do suggest the possibility for
some useful expenments bised on thie prncipies de-

sentbed dhove.
Dry rubbing and transition tomeltwater lubrication

Dry rubbiny

Whennmeltwater lubricanonisabsentorinsutficient,
shiding must proceed totaiy or in part by elastic or
plastic deformaton and/or fraciure of asperities on the
surfaces (Kurorva 19775 Barnes et el (19710 sug-
costed that no meltwater was generated at =12°C when
gramtc shid on ice at speeds of less thun 1 mmys and
when brass shid onice vt speeds of less than 160 mmiys.
Thus it as Slewr that meltwater 1 generatea i all but
possibly the coldest cases of shis or sleds ravelling at
normal specds onsnow . Tins also show s that meial run-
ners are worse than woeod runners at low weiperatures.

Tce ismore readi]y deformed athigher temperatuies,
espectally above aboni =87 Below thad temperature
fracture of the aspaites night be more likely. butih:
idea necds o beiestad by mictoseopic observations ad
uitis-onie measwements, thractuie ol bonds at Tower
tenperztures may eaplam the crunchimg sounds made

by oo cold snow The ebservanion that nard

wanes Jeduce fnction at oy wmnncaiues (Shhimbo
197 1) can probably be exp'omed by Tess cougine ol the
v whests harder and by thie hard wax fonimg and
retining asmooth surface over winch sirdinz can tane
place o casily .

Bowdenand Tabor (196 hyhehovedihataspentieson

the softer surtaces alwaas vicid plasucally and «tated

that snow must beheve i this way because the tiiction
onashder ansnow s newly proporiionai o loe dand
independent of the urea of contact. Then mavement is
thought to be due ta the deformaton of ice grains and
not o the detormation of the shider orts coatings. Thus
it cenerally thoazht thar the shider base should be
haaer thanice ar the ancheent emperatute. Hoaever.
the bottom ol the Whdes widl be heated aloag s length
~o that deformation on the surface ol the snow grans
whlactually tabe place atwtempeiatwie greater than the
ambient temperature. especially over the paits of the
shder that carry most of tihe load. In spite of the sofier
matenal being more easiiy detformed. the frontotalun:-
nun abrcratt shis are degraded by dey friction (Klem

1947 ) perbaps hecause of dist on the snow surtage. In

fact, one purpose of a sk was should be to provaide o
sacnhical coating thatis hind cnouzh o cause theace o
detormneariyvall ofthe time. but notso hard thatitneyer
Tasls. According to Barnes et al (19710 e fnictionad
citect of plowing of the softer materil, usuaily the e
grains for ashder onsnow, can be reduced it the siider
1s hasder than theace and the shider s smooth This s w
apotant statement about the use of hud and smooth
voanes o reduce fiction ot fow temperatue s wheee
medtvater Tubreatzon iseduced. and it il be devel-
oped more guantitatively Tater.

e twlure o1 12 depends anine nate ol losdins,
which detereimes whether detormaton s predon

1CC IS stoneer o

nantly ductile o brttle. Althoagh
tacier rates of loadmz (Bowden and Tabor 1964, the
vield stess atany temperatne thiz Scaches aplateau
at Joadmg rates that are much slower than those ol
mterest bereand the hindness de the same tBeines et

all 1971 Beconse we e only concere about fach
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Figure 6. Hardness of ~arious sub-
stances vs temperature (from Bowden
ard Tabor [904 . Only the hardness of
ice changes rapidly over this tem-
perature range.

homologous temperatures for ice, the hardness of ice
mcreases rupidly as temperature decreases, whereas the
hardness of waxes and plastics increases much more
slowly over the same temperature range (Fig. 6). In
addition, the hardness of 1ce s hugher at high loading
rates. whereas the hardness of waxes tat least paraffin
wax ) i independent of toading rate. For the materials
tested. Bowden and Tubor (1961 showed thut only
P T.EFL s harder than ice but only at temperatures
above about -1 5°C. Harder waxes have been marketed
more recenty. und Bowden and Tabor™s tests do not
accowentiortic ductile-to-brittle transition thatoceurs in
polymers attheirtransitiontemperature { Tobolsky 1960,
and may occur insome of the hardest shy “swanes.”

Temperature disimbution

Regardless of the exact mechanism by which failure
vecuns, deformation of the aspeiitizs on the shder and/
or the snow s necessary for movement of a shider when
meltwater lubricaton does notcompletely separate the
shding surfaces. The contact points in dry shding are
small asperities that heat rapidly because the eneigy i
dissipated over asmalt area, e " lash heating.” Thisas
an ampostant phenotenon 1 friction because ce s
much softer at hugher temperatures and because the dce
may cventually reach its melting temperature and pro

duce lubncatng meltwater, This subject has been en-

ploredmany umes forot:ermaterials, and the transition
from dry to jubricated shding has heei. observed both
exnerimertally and theoretically inmetals (e.g. Archard
and Rowntree 1988).

The rate of heai zenerationby aslider (¢ yis given by

¢ = uuW (7)

regardless of the mechamsm by which the heat is
produced. Although the fractional contact area hay not
been measured for dry shiding over snow, sohd-to-solid
contact arcas are generally thoughtto be of the order of
magnitude of 107 (Bowden and Hughes 1939) or
smaller, so the stress concentration is large and the heat
is dissipated through a small area. In addition. the
cocfficient of friction is larger for dry friction than for
lubricated friction, so the heat generation is correspond-
ingly greater. To analyze its thermal behavior we as-
sume th itthe shderis perfectis smooth and that all of the
asperitie s are ice particles in the snow. Then the ice
pariicies are in contact along the entire length of the
shder while any pointon the shderis in contact intermit-
tently with ice particles of contact radius 1. Because of
this intermuttent contact of any point on the slider,
Colbeck and Wareen (in press) observed steady-state
temperatures at the bases of skis that were just betow,
bul not at, the meieng wmperatuee.

When contact is made. the temperature of an object
rises above its imtial vatue according to the widely used
tormula

AT =2g ¢t mhpet'™ (%)

wheregisthe heat flus aithe surface, ristime after imal
contact, A s thermal conductivity. pis density, and Cp s
the heatcapacity of the object. Accordmgly anice grain
travellimg along the length of o shder would 1each a
higher temperatuie than any point oi the shder because
the ice gram would be i continuous contact whereas
point on the shid- - would only be i contact intemut-
tently. The pomnt on the shider would heat and cool n
cycles asice particles shde past that pomt. This suggests
that any point on the shder would be heated i astep-
wise fashion as shownm Frgure 7. where anascending
pattern of heatng and covling shows the individual
heating and cooling ovcles. As Tong as the motion
contnues, the coolimg cycle 1s never loog cnough to
return the pomton the shdet o the ambienttemperatuie.
and thus heataccurnulates atihat pointand the wmpera
wre nses towards @ quasi-equibibrium value. Onee
monon stops, the temperatuie decays stowdy back to
ward the ambient value. as shown tor apomton a shder
inFrguie 7. An example of the /T remperature nse and

the slow decay measured ona coarse time seale at the
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Figure 7. A hvpathetical pattern of temperatare rise at one point ona slider as it nasses inand

out of contact with water films.

base of askisubjectediothree cycles of stop-gomaotion
s shown in Figure 8.

Assuming for convenience that the heat generated by
frictionflowsequalty inathe ice contacts and the shder,
the heat flux into one ice contact is ¢/ 2012, where s is
the tota number of contacts of contact radius - between
the snow andthe shider. Combining egs 7 and ¥ to show
the dependence of the temperature rise of anice particle
on speed. load. and contact area gives

Al = (,Lm'u.nrzFA,) l.rK,,’r:)""' (5

where ®is th mmal diffusivity and the subseript 71s for
ice. As suggested in Figures 7 and 8. the etfect for one
pomtonashderiscumnulative until a plateau is reached.
However. if the ice particle 18 in contact continuously
s temperatuie would nise steadily. which allows us to
examine the conditions under which the temperature
rise ot an ice gram is sutficient to reach the melting
point.

Reports of dog sleds operatimg at polar temperatures
ndicate that wooden sledge tunners eapernience very
high friction, presumably diy tiction. when the tem-
perature diops to about =107C .. Gould 1931 and
that mietsl tunners are even worse (Scott 1905). Mam
shicrshive eaperiencedthis same mcrease i fncnon as
temperature drops well below freezmg. Ineg 9.1 we

Y

assume that risthe length of the shider ¢/ divided by the
speed. the maxmmum possible temperature nsc of anice
particle in contact with wshider is given by

AT e = W) Gl Jm) = (10)

With the common assumuption that load-bearing area is
proporaonaltoweignt (Bowdenand Tabor 195¢).eq 10
shows thet the temperature rise creases as the square
roots of sitder specd and length. This suggestsa gieated
possibility o 1eaching the melting temperature and
eaperiencing meltwater lubrication m longer shiders,
anditis observed that longer shidershave fower fricuon
at low temperatures (Ericksson 19535), presumanly be-
cause of the lugher temperatures acineved at the inter-
face. In addition, friction decreases as speed incieases
above the verylow values where nomeltwater isthought
to exist and where div rubbing is the only frictional
process. Fortypical values tor dry friction and downhili
shis (=03, W =400 N area = 0.16 m? with 0.1 in
actugl contact,y = 10 m/s,and /= 2 my). the masimum
possibic temperature tise of anice grunduring passage
of the skis would be more than 101 K. Of course this
temperatuie imcrease could not occwn because the e
srams would start melning ar some point along the
length ot the shider. Thus m most sstuanions of interest,
asmall portion ot the frontof the shderis diy while the
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Figure S. Temperature measu ed ar the base of a shi during three oveles of sturt and

stop (from Colheck und Warren, in press;.

remannder of the *enath is lubricated ny meliw ater.

‘Fhe trachon ot the lenath of e shder that s dry has
amajorinfluence on the overall friction experienced by
the slider because the coefficient of friction for dry
shding is much greater than that for lubricated shiding.
Itis also important that the wear rate tor dry shding is
much higher than for lubricated suding. so the dry
portion of a ski. for example, should be m. ‘e from
harder polymers und should be waxed for both lower
teimperatures and harderice conditions. The lengthover
which the front ol aslbideris dry (/yn) can be found by
rearrangingeq 10 and then setting A'I'"cqu;l] to the snow
surface remperature. Colbeck (1988) derived 1 more
complete eapression inchiding heat flow into the shder
and tfound

[

R ;
A S Uy X
gy = =2=i| - Cuy okl (1

K, cl oy Q/;

where the subsenpt of refers to the shider. 17 s s
thickness, asd 9 is its fractional contact arca with the
snow. or Al Lehtovaara (198 -+ 13) dernived a
similar equation but assumed e

insulator. Application of this equat,

18 i perfect
TS oM

very interesting results because it give a

tonofthe degree towhich dry versus lubi.

occurs e many anstances. Tt suggests that the

many taboratory experiments cannotbe apphied tosnow
stas because i shiders used inthe faboratory weie oo
shortand the speedstoolow thus giving i vervditferent
proportion of dry versus lubncated shiding between
laboratory models and skis.

Fromeq 11 itis clear that [y s greater for highly
conductive sliders. Accordingly ,'thcy have higher fric-
tion both because 4y, 15 greater and because once
melting begins. itisnotas intense since more of e heat
generated by friction 1s conducted away from the inter-
tace. For a perfectly insulated shides with g, equal to
0.2 and taking ¢ as 3.03 MPa ! from Huzioka's (1962)
meusurements, the length of the dry zone atthie tront ot
ashderis 7914 7 /uwhere T, s the temperature of
the snow surfiace and gisinm/s. Fora 2-m-long skithat
i well insulated and moving at 1) nvis on snow ot
=10°C. Iy s about 8 mm or about 0.4% of the total
length. However, for friction tests such as those of
Slotfeldt-Ellmgsen and Torgersen (1983) with a speed
of 0.3 m/s using aslider of wotal lengh 0.3 m. the dny
lengthis 0.20 m or 88% of the total lengthe Thus the sk
experiences predominantly lubricated friction along its
leagth whereas the majority of shdersin laboratory tests
cxperienc mostlydry frictionaiong their lengths. Theie
15 some uncertainty in these numerical results because
Huzioka™s data was taken when melia ater lubrication
ogcurred, and the value of - wouid probably be smaller

during ury rubbing. However, the conclusions are at
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least quahitatively correctand suggest that conside rable
caution shouid be used in aterpretiig the tesulis of
friction experiments.

We can expand the approach taken to understanding
the length of the dry section by making the common
assumpi:on that the pressure exerted by a shider is
Himited Dy the bearing capacity of the material bencath
th~ shder ar. in this cace, by the pressure required to
compress snow rapidiy 1o the density i the pressure
bulb. Fora perfectly insulated shider. eq 11 shows that
U2 dry length of the shider can be expressed as

- ‘-)-
U, K e

where Ag s e total area oi the shaer and WiA G is the
pressurerequired Torrapid compression of vented snow
to the density achieved in the snow below the slider.
Choosing a pressure of 10° Paat adensity of 300 hg/in®
from the data ot Abele and Gow (1976), ¢y 12 predics
arapidimercase indry length with decreasing tempera-
ture. thus showing in pat why fiicton decicases at
Inghertemperstures (Fig. 9y Smee the bearing stength
mereases rapidly with snow density . the diy length ot
the shider would decrease with increasimg snow density.
resulting i casier ghdimy on denser snow. g 12 also
<Tows that the fength of the diy section decreases with

octeasing speed. which parthy explans why Kurone g

(1977) observed decreasing fiicion as speed mcreased
wre lubricated frichion becames impor-

nto the range w

tant.

lce defarmation

Understanding d, y shding on snow would be mech
casierit the geometry of the ice asperities and the actual
contactarca were known and if the defornation rates of
ice were known for compheated states of stress at
different temperatures. The geometiy of the aspentes
probably vanes greatly with the snow type and, for fiesh
snow. changes greatly whien a shider fiest passes. The
contact area is thought o vary with load and the
compactive stength ol the anow  andthe strength ofice
varies withraie of loadimg, stressstateand temperature.
Because of our inconplete knowledge of these nipor-
tant properties. 10 s more dithiculs to understand diy
shding than water-lubricated sliding over snow.

Normaltly voe expectamixte of diy and lubnicated
fricuon o with diy fncton dominating at the front of the
shderand meltwater lTubncationdommating atthe nuddle
and/on tear of the shder, depending on how the Toad 1s
distiibuted slong the length of the shder. e necessiny
1o undeistand cach separateds and Jomtly simce some
contacts may not be completeiy separated Ly the melt-
water filme but solid to solid mteraction may occur m
contacts that are parthy Tubrnicated by meltwate: fillms.
Thisweao! ibology knownas elastohy diody nanies.

isdivcussed laterinstwelook acsohd o hideontact.




Archard and howntree (1988 described i iem-
seriture distiibation across a singie contact but, be-
cause the contacts are so smull, we consider each
contactto becomplecely dry until melnng begins across
the entire contact. ltappears thatthe contacts at the front
ot the slider are completely dry with an average tem-

perature thatinereases with distance behind the front of

the shider until the melting teimperature is reached at i gy, -
Seme possible mechanisms at these dry contacts in
front of /g and i partially scparated contacts behind
lgry are considered nest.

The Plasticity Inde» was deveioped 10 distinguish
between plastic and clastic responses whern asperities
on opposing face: intciaci and somie form of deforma-
tion must take place. The index depends on the elastic
constants and hardness of the interfacial maternils as
welias on the geomietry of the asperities (Willlumson
1984). It does not consider brittle failure although it
could be important. Fein (1984) expressed it as

pl = 083 [k ("I + "3)')”" (hlz + /132)“.2S (13)

Iy

where 1y the hardness of the softer surfuce. £ s an
effective elastic modutus, ry is asperity tip radius, /1) i
average asperity height. and the subscripts refer to the
twosurfaces. The matenal properties of ice suggestihut
plastic yield is more likely than elastic deformationata
shider/snow intertace when the asperities are as peaked
as they would be for tresh snow. However, once the
sharper asperities are 1emoved and the 1ce contacts are
flattened by rubbing, asshownin Figure 1,the geometry
of the asperniies suggests that the ice and/or the shider
should respond elasticaily. Thus we suggest that virgin
ice grains yield plastically (or fracture) whercas pol-
ishedice grans respond elusticuly because of their tlat
surfaces. "hus both modes of deformation must be
considerad.

Glenne (1987) reviewed the usul approach to dry
friction where the actual contact area (Agy) and cocl-
ticient of frictonare given by .

Agn =20 (4

: a

and

=T (151
Hygiv= - )

ury G
vwhere Gis e compactive strepgth of the snow and Tis
the shear streagth of either the siider or the snow.
whicheverisweaker. ltseemsicasonable toassuinge that

the contact arca s determmined by two processes. First,
1t the snow is of alow enough density, the ice grams are

displaced rror. the sarface such that the number of ice
Lrins eontactinerees unt fthe compactive stieneth
ot the snow at that tempercture and loading rate is
reached. Second, i the ice is softer than the shder. the
aspetities on the slider may indent the ice grans and
increase the contact areg until the pressure s reduced o
the hardness of 1 e for that temperature and rate of
loading. The action of the firstmechanisim is one of the
phenomena that separates the dry friction of spow from
the tricuon of solid substances such asice. However.,
this mechantsim only occurs f the snow density isIower
than the density required to support the load. In any
case. a hard shider could indent the ice particies if the
shider asperities were simaller than the grain size of the
sinow. Thus itiseasy to understand that one objective ot
waning at lower temperatures is to achieve a hard.
smooth surface. although the prevailing idea seems 10
be that the ~ax should not be 1oo much nardes than the
spow. possibly because the wax mustyreldtodintonthe
snow surtace.

If s assumed that the snow grins faii in compres-
sion until the contact stress is reduced to the compres-
sive strength of tee at that temperature, Carter’s (197()
measured vidues tor compressive strength can be used
to determine the contact arca. This suggests that ¢. the
ratio of contact area to load. decreases as temperatuie
decreasesandequals 0. 222 MPaat-5°C. Comparing this
with Huzioka's (1962) value of 3.05 MPu meusured at
—~1*Cinthe presence ofmeitwater lubrication. givesthe
expected result that the contact area 1s smaller when
oniyv dry rubbing occurs. Huzioka found a frictional
contact area of 1.4%  whereas a range of values of 0.2
100.04% e suggested here for Huzioka s load whenno
meltng occurs. The value suggested by Bowder and
Hughes (1939) for dry frichon—0. 1% —tails i this
THIgC.

Toapply eq 15, Glenne (1987) suggested that forice
theratioof Tt o is about 006, although this is muchless
than the measured vilues of the coctticient of friction
whenonly dry processes we hkely. In then carly work.
Bowdenand Tabor (1950, 1964 suzgested that Tis about
oie-half the yield stress i tension and that ¢ 1s about
three times that vicld stress. or g, is about one-siath.
whichisclose to Bowden™s (1953 vatucs of triction. at
least for shiders at very . w speeds where nomelting or
adhesion oceurs. Taking values of the tensiie and com-
pressive farlure stresses from Carter 1970y arsd assum-
mg T one-hal{the wensile value, the caleulated vaues
of Wyn are showin i Tabie 1. These values of the
coctticient of triction have the wrong tiend wathi tem
perate - since fow -speed and static triction are known
wincicase. notdecicise, atlewertemperatures (Bowden
1953).

Tarssimpleaporoach can be expanded by look s at




Table 1. Dry friction calculated from Carter’s (1970)
values of fensial and compressive strength.

T /00 celu®

T (Puy (Pu) Hyn
0 1.03 3 0.45
-2 1.07 35 0.31
-5 1.08 4.5 024
-10 1.1 2.5 0.17
=214 113 ’) 0.13
-32 1.7 11 0.11

Table 2. Dry friction calculated from eq 17 and
Carter’s (1970) values of tensial and compressive
strength.

T(Ty P,J,)
[ 0.32
-2 0.2
-5 025
-10 0.22
-21.4 0.21
-3 0.13

the failure of an ice grain to sec if ice grain failure and
release from the suriace might account for dry friction.
This mechanism is simiiar 10 the process of flake pro-
duction (e.g. Lim and Ashoy 1987) and retains the
assumption thatall of the failure occursinthe ice, which
1s now subjected 1o a more complen state of stress. We
assume that an ice asperity is subjected to a normal
stress G and a shear stress Tas shownin Figure 1001 pgy
is large enough., tension may occur at the upslrcarﬁ
comer at the base of the ice asperity, which couid lead
to failure and removal of the asperity by tensial failure
starting at the upstream edge and propagating along the
base. The nomial strcss oir the asperity varnids along ifs

base as
oly)=06- & (i6)
-

Using egq 15 and assuming that the asperity fails in
tensionon the base atits leading edge, the coefficient of
dry friction can be expressed as

gy = 0.167 - 912 (17)
’ (603

where ¢(r) 1< taken as the tensile yield stress for ice.
Using Carter’s (1970) data for compressive strength for

candfortensile yicld for (), Uyn is calculated at various
temperatures and shown in Table 2 for the particular
geometry assumed. This also shows higher friction at
higher temperatures, but most of the values are about
correct.

If the controlling processes operate on the scale of
the size of the shder’s asperities rather than on the scale
of the size of the snow grains, the actual contact area is
deternuned by the hardness of ice at high rates of
loading. We would tiwi: 2xpect much smaller valucs of
contact area and much higherlocal stiesses. The loading
time of the aspenitics isapproximateiy their size divided
by siider sj.ced, o about 1077 5 for a 4y pical ski. The
hardness 0 12¢ reaches a plateau as the loading rate
increases, so taking Barnes ctal.’s (1971) largest values
tor hardness, we would expect a pressure on the asperi-
tics of S0 MPa compared with 1uzioka's (1962) value
of 0.33 MPaand 4.1 MPPadetermined above. Thus, ifthe
indentation of ice by the asperities un the shider deter-
mines the contact area, the fractional contact area for a
ski would 1 pically be less than 10 and the stiesses
exerted onthe ice surfaces by the asperities of the shider
would be very large. For solid ice surtaces. Barnes etal.
(1971, suggested that these high stresses cause reerys-
tallization in a 0.2-mum layer adjacent to the shder and

Figure 10, An ice asperiy with a biavial staie of louding.




that this causes a reorientation of the ice crystals for

favorable glide in shear taingennal w the direction of

motion. This is sumilur to oxidation-dominat «d friction
for metals, and such observations must be mad: for
snow 1o see it this is & common meachanism for dry
sliding over snow grains. Itis also importantio observe
the conditions under whichthe displacementor fracture
ot the 1ce grams occurs.

Assunung that the .adentation hardness of ice deter-
mines the contact area and that the contacts fail i shear
along the basal lavers of 1ce crystals at the surfoe, we
can calculate the coefficient of dry tricuon frei mea-
surements of shearineasy ghde. However, there are two
problems. First. there is a size eftect on the strength of
ice (Tusimia and Fujit 1973). 50 that experimental re-
sults from samples of a normal size would s rgest low
vilues of shear strergth. Second, few testsnshiear have
been donc with such high rates ot loading as are of
interest here, and none have been done on thin crystal-
lites oriented for casy ghde.

The simple approach taken here to understanding a
combined shear and normal load has produced the
wrong trend with temperature because the strength in
compressionisastrong function ol temperature. whereas
the strength in tension or shear 1> not so temperature
dependent. Thus the denominator in eq 15 increases
rapidly oy temnerature decreases, and the caleulated
ceetficient ol friction decreuases accordingiy. It may be
thatice asperities fal in tension or shear independently
of the vontact area and that only their tensile or shear
strengths are important. Then the correct dependence
ontemperarure would result, but without more intonna-
tion about the geometry of the surfaces this process
cannot be analyzed. Moreover, itis iikely that for most
problemsof interest virtvaliy all ice detormation occurs
at the melting temperature and that the effect of tem-
vorature 1s limtted 1o changing the proportion of 1ce
deformation versus meltlayer shear.

Although the vadues of pg,, given in Tuble 2 are of
about the right magnitude, there 1s much uncertanty
about the application of these results because of the lack
o1 direct obszrvations of the contact arca and failure
mech nsms. To impreve onthis model ot dry shding it
would be helptul to have proiites of shiderbases such as
witxed shi basesand microscopic examinations of snow
surfaces atter shders have passed. This would provide
infermation about the scale at which these processes
operate and help answer questions about the role off
grain displacement vs 1ce indentation. the contact arei
withoutueltwaier present, and the role of asperities on
the snow surface, including those due to tresh snow and
tho-e due to wind crust or man-made snow. ji s clean
from both ficld and laboratory observations tiit the
snow surface is often stwoothed by meitw ater fubnica-

tion. probably because the asperities are miclied o form
smoothice contacts. butsimlar obscrvations e necded
todently the important mechanisms tor dry shiding. in
particular the mode of failure of the ice grains on the
surface. Then more detailed models of the processescan
be constructed, although even then the results would be
ungcertiam because of the Lick o mfonmation 1bout the
braxial failure of ice.

There are other existing models of dry Tnction that
could be applicd to ice. Hihe slider s harder and plows
the1ce grains. Briscoe and Tabor™s (1978) model o the
viscoclastic plowing of solids could be use  todeserbe
the friction. The contact area would be determined in
part by the hardnicss of ice, but the detormation would
be controlled by 1ts elastic modulus. They proposed

L=05m(AaB) (=) E P w s ()

wiere Ag = contact arca at rest,
£ = hardness.
v o= Poisson’s ratio,
7 = clastic modulus 1 tension,
nd = mechanical loss tangent.

W 1s very sensilive to the curvature (i) of the asperities
on the slider and.af the slopes of these asperities are
gentle enough. there is probably no gougimg Lut onjy
elustic depres-sion as the solids come mio contact. Tius
is desenbed later,

Meltwater iubrication

The prevailing beliet is that the coefticients of fric-
tion of snow and ice are Jow because of lubrication
provided by meitwater. At fow emperatures where
meltwater lubrication disappears, the frictionof snow is
similar to that of sand (Bowden 1933). which is a
compitrison often made by carly polar travellers when
dogsleddimgatiemperatuies of =0°C. The idea of tnelt-
waterlubnication was promoted by Bowdenuand Hughes
(1939). who showed that pressure melting is not hikely
because the depressionof the melting temiperature istoo
weak to lower the melting temperature by asigniticant
amount. I fact, using the value of contact pressure
givenabove, the depression of the melting temperature
1isonly aboutO0.257°C. However, the actual solid to-sohd
contact may be considerably less, and the process of
pressure meltng -regelation is re-examined later.

The idea of meltwater lubrication by trictional heat-
g hasbeen supported by much of the pastreseanchand
was reviewed by Glenne (1987) Mceltwater and s
cjectihave been-een ditectdy when objects sude onice
CTesim and Youda 1969), Probably becanse of melt-

water lunncanon, the addition of heat has been shown

o be benetiaal gt fow temperatures (Pralzner 1947),




althougl this procedure must be done cautiously aimce
oo much nieltwater clearty increases fniction. and e
introduction of heat above the mterface 1s a very et ti
cient process. The basic idea apphies to other matenals
as well (Bowden and Persson 1961, Archard and
Rowntree 1938, L and Ashby 1987) and can be
observed most casily in materials where the phase
transformation leaves clear evidence (Bowden and
Persson 1961). as shown in Figure th.

As atest of the melwater tubncation theory, we
assume that no solid-to-solid contuc: oceurs and ignore
the energy conducted away trom the interface. Then an
upper limit for tive thickness of the meltwater tilm can
be calculated from the energy used to push an object
over snow by assuming that the power required 1o
propel the object equals the power consumed by phase
change. or

WW e = milp, (19)
where 1 is the meliwater mass production rate. Taking
mas he rate of surface melting (4) over the actual
contact area,

o= wyanitfelp, (20
where ¢is the ratio of actual contact arca to load on the
shder. According to one of Amonton’s laws for friction
{Bowdenand Tabor 1920), this ratio is constant. Using

Colbeck s (1988) equation for the melt component of

triction (Lestovaara [ 1989 derived a silar relation).

o= ciy/h. (2
the meltrate is found as
h = ]]1(?//1/4)I (2

where s water s viscosity. [T the water were removed
from the contacts by the squeeze mechanmism described
by Colheck (T988), the thickness of the film would be
i balancd when

I = 3emw 2 Lp,

19
-

Takg cas 305 MPa fom Huzioka's (1962) data, r
as g and eeas 10 mys the fili thickness would be
LS umitiemoval occmired by sgueceze only  Thisvalue
Is dess than the vatues deduoced by Amibach and Maye
(198 1) trom diciectiie measuenments, but is greaten
than that calculated by Evans etal. ¢1976) o Colbeck
C1O8R). It suegests o cocthicwent of tniction of 0.0306.
which is about conect. A much smaller value for the

film tickness s calculated using the shea iemoval

mechamsin suggested by Colbeck (1988) whereby the
thichness s

" =Nari/lp, (24)
Foraspeedof 10 my/s the tihnas then Tess than 043 pm
and gy s O 130 A Targer thickness could occur it the
water tilm shpped along the slider, as could happen 1o
smooth. hydrophobic shders. However, Huzioka's
photographs suggest that the shearremoval mechanism
is operative and thus the caleulation using the shear
mechanism cannot be ignored. Accordingly. the calcu-
Tated value for film thickness is probably too small to
separate the sohids under most conditions of interest,
cven when only squecze occurs, and this suggests thiat
there s solid-to-sohid mteraction as well s meltw.oer
lubncanon.

With these thin films. Evans etal. (1976) suggested
that rather than ice detformung. the solids may be sepa
rated by a few molecular layers in which most of the
trictional force is generated. They suggested that the
melhw aterlayer would not be thick enoughto preventall
solid 1o-solid contact:and that there would be a combn-
nation of diy and lubnicated fricion occurring simulta -
neously where only the highestasperities would contact
the other surface. 'These cone. vcan best be tested for
snow by using the experimental results of Huzioka
(1962). Even it only squeeze removal occurred and no
heat were conducted aw ay from the interface. for those
experiments the meitwater film would have been only
0. 17 pm thick, ¢learly notenough toseparate the sohids,
Thus 1t is likely 1 Huzioka's expenment that botn
meltwater lubrication and sohd-to-solid mreraction oc-
curted and that both of these processes probably ocew
I most cases of shiders onsnow unless meliwater and/
or heat are avarlable trom other sources.

Another way of tesung the idea of shding without
sohd-to solidimteraction isto assume that all of the heat
generated by friction s generated by shearig the melt-
water hilms: s leads to the derivation ot eq 21 Then,
using the experimental results of Huzioka (1962), the
wwater {im i Jus eaperiment should have been only
0.0011 wm thick. This as clearly much oo thin 1o
separate the asperioes . and thus it is casy to understand
why Huzioka concluded that sohd -to-sohd contact oc-
curred in s expenmient and extrapolated thns conclu-
s1on to Ingher empeeatures and ~alues of heat produc-
non.

The theary of mehwater lubrication has been exam-
med torice by Evansetal .t 1976). Oksancnand Kemonen
(19821, and ARKok ¢t all (1987) and for snow by
Colbech C1oss) and Lelnovaaia (1989). The twomod
cllmy etforts for spow weie jather ditterent. wath the
tormer concentradmyg: on the heat and mass flows winle




the latter was more concerned with the interaction of a
shi with the snow through load Aisttibution. Both con-
sidered dry friction and calculated a coefticient of
tnction diat depended o both wet and ary processes,
While Lehtovaaraassumed thatmeltwater was removed
only by the squeeze mechanism. Colbeek considered
both squeeze and shear remaval of the meltwater from
the tils but sugeested that shear would be a more
~tficientmechanism. Thisledtoasimple exprewsion for
“tim thickness (1), given iney 24,

It is possible that the shear mechanism described by
Colbeck (1988) istooefticicnt because it does notallow
tor slippage of the water films along the slider or for
meliwater to be retained by rough surtaces, and it will
bemodifiedaccordingly . Ifthe shiderbasce is smooth and
hydrophobic, melt films can be abserved to slide along
the basc of the shider, as shown inFigure 4 fora capillary
attachment. Then the squeeze mechanism would be
relatively more nmportant. a process that has been
trequently used intribology (e.g. Moore 1965) and was
used exclusively by Lehtovaara (1989). In aadinon, if
the weight ot the slider is carried by sohd-to-solid
contacts or very large hydrodynamic forces, as de-
seribed in elastohydrodynamics (e.g. Fowles 1909),
then the hiquid could be retaimed around the moving
asperities and would increase the thickness ot the melt-
water film and decregse the friction accordingly. This,
at Jow temperatures where meltwater lubrication is
essential. a smooth ghding surfiace would be desirable
to aliow water slippage, whereas at lugh temperatures,
where water attachments increase drag. a rough siider
surface would be usetul to disrupt the water attach-
ments. In gddition, since water slides more readily
wlong hydrophobic surfaces, the shear removal mecha-
nism may be less effective if the contact surface of the
shiderishydrophobic: thus whydrophobic surface would
appear to be advantageous at all temperatures.

While Colbeck (1988) assumed that contact area
increased proportionately to load and looked at the
effect of contact size, Lehtovaara (1989) used the num-
ber of contacts and the hardness of the snow as param-
eters. Both concluded that friction would decrease to a
minimum before increasing with speed and that the
friction would be greater tor a larger number ot contucts
because of the dvnamics of the water film. Both pre-
dicted that the minimum friction would occur at lower
values of speed as temperature incrcased. However,
Colbech predicted that tfriction would be lowerathigher
teiperitures untl capillary attachments became im-
portant, whereas Lelitovaara predicted that triction would
merease with temperature due to the thicker meltwater
films. This demonstrates a fundamental difference be-
tween the two approaches, both of which contain as-
sumptions that remain to be tested.

Colbech™s (TYRR) ¢ 1 describes the balanee amonyg
melt, removal, and fim thickuess. Tt is maodified 1o
account for the suppage of the water hilims along the
surface of the shider by introducing a factor, 8. that
fractonally reduces the shear mechanism. The resultis

FLS) (e S LR (25)
Ly, e it ur

where the tenms represene meltwater production rate.
removal by squeeze, and removal by shear. respec-
tively. This can be solved for the rado

( NRUA
-5 A (.\'2 + ____BTI“
h™ = debp, . (26)
ur 4/ 3en

The values of friction computed trona eqs 21 and 26 are
shown in Figure 11, where it varies with the effective-
ness of the shearremoval process as charactenized by S.
It appears from the Ingh values of the coefficient of
triction for large values of § that Colbeck s (1988) us-
sumed shear mechantsm is oo efficient. that the value
of ¢ obtained from Huzioka™s (1962) data is too Large,
and/on that other processes operate as well. I we con-
clude that shear s eftective at low speeds and 1t looses
its effectiveness at higher speeds. then the cleulated
values of gy are mn the range of values reported by
Kurotwa (1977). However, as was shown above. even
itnoremoval occurs by shear, the assumption thatall of
the contact is through meltwacer films leads 10 the
conclusion that the mehwater films we o thin 1o
separate the solids for the surtace roughnesses that exist
onmostshiders. Thus there must be some solid -to-solid
interaction, which greatly complicates models of snow
friction.

Elastohydrodynamics and thin films

Elastohydrodynamics was developed to study fric-
tonal resistance whenthere issolid to-solidinteraction
due to partially developed lubiicating nibms. Some of
the weightof the shder s borne cudier by direct contact
or by inertial forces in the meltwaier filims due 1o the
very tapid passage of the aspenties. This as o very
compheated subject requinng numerical solutions to
coupled d.tferentialequations describing the minture of
physical processes thatoccur when the sohds mteractin
this way. While no attempt ix made here o obtain
numerncal solutions, the subject will be described. the
nformation needed will be discussed, and some pos-
sible benefits mentioned. Other thoughts about thin
films are also presented.
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Figure 11. oy vs slippage for various speeds for a contact size of 1
mm. When S is 0 no shear removal occurs, und when S is 1.0 no

slippage occurs.

Polyethylene is commonly used at lubricated sur-
faces because of its favorable properties. Chemically, it
forms a weak bond with ice, which reduces adhesion,
and, except at very low temperatures, 1t is harder than
lee S0 aLis net gouged by ice. Tthas a high strength but
1s more elastic than ice and thus aspertties on the surface

of the slider can deform elastically to allow passage of

the solids. From the Plasticity Index givenineg 13, an
ce/polycthylene interface should respond elastically
wiien asperities interact as long as their surface slopes
are less than about 15, Asperities with steeper slop.es
would be subject to plastic deformation and, it ice,
remeval by melting as well. Thus to minimize friction,
the shiding surface should be hard but elastic with very
eently sloping surtiace refiet. Skis that are structured by
ind=ntation may have the additional advantage of pro-
viding a smooth runiing surface while the indentations
allow increased tlexure of the polyethylene. With in-
creased tlexibility, the polyethylene base could act like
a series of shock absorbers that flex individually as the
ice passes, as suggested in Figure 12, This figure also
sugzests that the water film increases inthnchness along
the length of the contact and could be <hed at the
downstream side of the ice grain. The individual asperi-
ties on the shder de.om elastically to allow the gently
sloping roughiicss clements on the ice grain to pass. 1t
15 inmportant to note that only the peaks of the ice grain
are in contact so that only they are melted. thus smooth-
ing the ice gram as the stider passes and sroviding for
continued smoothing with repeated passes. This sce-
nario suggests that the ice zrans are smoothed o ac-
commadate the scaie of roughness on the slider, so the
roughness of the shder would determine the roughness
of the ice grumne after the slider had passed @ shor

distance. Lehtovaara (1989) found that 1ce could also
smooth tiie shder, although, when the ice is very cold,
it can be observed to shred polymer ski bases.
The thickness of the water film away from the high
points of the asperities could be considerably greater
than those portions of the films trapped between the
sohids. which may account for the difference between
the thick filias reporied by Ambach and Mayr (198 1)
and the thin films caleulated above. The scenario de-

picted in Figure 12 reopens the old issue of pressure
melting, since the upstream portions ot the ice asperitics
would sce much higher stresses than the downstream
portions. I the upstream pressure on the asperity is
assumed to be limited by the indentation hardness oflice

Figure 120 Hypothesized action of « highly flexible
polvethylene base passing over antee grain The slider
hase deforms elasacally while the tee grain is smoothed
by meltung ont'we summins and refreezing in the vallevs.




dUO0°C at high foadmg rates while the downstream
pressure s atmesphetic the ditterence inomeling tem
Perature actoss anaspeiity could be as hrgh as 117
Eveniftheheat ow paththrongh the sec asperity isonly
I pme the meltrate along the ditection of movement
would be less than TO mny o which shows that, ctnost
speeds ol mteret. the asperity would have 1o be re-
moved or avoided by some other process. Thus, while
the iemperature depression caused by pressure meltung
in large. the process is still too slow 1o be ol much
nrerest.

Elastohydrody namics can be used when only @ lim-
ited amountot meltwateris available and some solid -to-
solid interaction tahes place. The role of meliwater s
sull important. but other processes must also occur.
Often some polishing of the sharp asperities must take
place betore the surfaces e sutficienthy smooth 1o
allow only erastic deformation of the aspenties. As the
asperities approach there is avery rapid compiession of
the meltwater film, which can be very thin. These ngh-
pressure tilms shear rapidly and allow the asperities 1o
pass while reducing o elimmating the solid-to-solid
contact. Evenasperities thatare notaligned for contact,
butwould come close totouchimg. may interactthrough
the figuid presswe field and produce drag (howles
1909).

The melmaat films may chomoe viscosity dioe 1o
pressure eftects, although sohd-Tike structures are not
likely toappear mthese thin fillms in the ume available.
Furihiermore, if the pressure is Tomited By the hardness
of tee at nah loadimg tates at 0°C, the viscosity would
only be reduced by about 34 (Dorsey 1930).

Patir and Cheng (1978) have shown that the thick-
ness ot i water Nl cin change with the orientation of
the toughness clements. When the elements e on-
ented Tongrudmally with the shider, the meltwater films
tend to be thinner. This suggests a posinve feedback
sinee, it lonastudmal couging occurs because the films
are thin. the water il thickness would beseduced even
more. This i< astiong argunient for the frequent resur-
tacing of shiders when optimum performance is necded.
When the elements are onented transversely across the
slider. the water fili tnckness 1s increased because ot
flusd pressure merease on the upstieam sides of ihe
asperitios. Thusowhen the warter fihm s too thin or oo
thick, its thichness and the entite dymaumics ol the
interacton of the aspenites can be modinied to a sub-
stuntial degree by changimg the onentation of the sur-
tace structure of the shider. The onientanon s especraliy
mportant when the surface ronghne.s clements on the
shder e Jess than the tichness the water Hilm would
hinve it the surface were smooth, This appears to be the
case for most sttuanons with shiders on snow and thus a

timsvense structine should be beneficial at low 1em

peratures while adongitadmal stracture should be better
at lnghy temperatupes. I8 the viscosiiy of water weie
creater and il suface encrgy fess, perfectly 1l sur-
faces would probably work best

Without betier kaesledge of the geometiies of the
shidimge switaces it is difhicudt to et quantiiative 1esubis
frome elastohydrods namies, but its quabiatis ¢ apphea
tnonis usclulanyway. For sxamplesas aule-ol thumb,
lubnication works well when the lubncant sepanates the
salids by adistinee of ai least two to four times the root
mean-squane vialue ol the surface ronehness (Fein 1984,
Stace thns quantity of Tebricant is not usually available
for sliders moving over snow at subfreczing wempera-
tures itis clear that some consideration ! s tobe given
to wiays of makmg the shding process as efticient as
posaible.

Fowles (1909, 1971) showed dhat even miclting can
oceur on upstreanm sides of the asperities because tie
high rate of hgud shearing i the thin films dissipates
much eneray tocally . Thus the rougher ciements onan
1ce surface can be removed preterentiadly by vicld or
melting, while the asperties on a poly ethylene surface
detorm clisnicaily. When Lo ge stresses develop locally
onan aspenty the plastic regron may be quite small, but
the thermad effecs canbe feltovermaostor the asperntty .
These etfects depend eritically on the degree of overlan
of the aspesines and onthe speed tFaw e 107 1 Below
acnincal speed or overlap, the process appears o be
isathermad, so that mtense meltmg only occurs unde
conditions of lugh speed and direct overlap ot the
opposing asperities. The maconude of the temperatuie
nise calcutiated by Towles suagests very rapud rates of
local melunz. and thus tapsd climianien of the kuges
asperities on the snow giinns is possibie,

It aas been obsersed that kinetic friction i~ neher at
fower speeds where less heats generated (Bowden and
Tabor 1963 Kuronwa 1977). Tlas occurs not just be-
cate more meitwater s penerated at lugher speeds but
because the meliwater is muore effective. At igher
speeds. asperniies wath srgmficant overlaps can pass
while imantamimg o fuite il thichkness between them
and thus avordimg solid 1o sohd contact or sohid yvield-
g Althougsh such conclusions e bascd ongualitatine
reasoning frony clastohydrodynamues. they do mdicate
that the theory can be apowertul ol i urderstandme
the Thction of shiders on snow TEs mostly the sitace
veometry of the shiders that must be known before more

quantitative use could be made of the exisung theony,

Other mechanisims
Snow safaces tend o accumulate d et and. 1t
shider s clectostancally charged. it might tetanmn dit

Even nmicroscopic tock dust would atfect the shidig

mechanisis since the separations are so sl AT d




particle trapped between two softer sunfaces woitid
mdentor gotge one orboth surfaces. When the particles
we wellrounded, ine Plasticity Index shows that plastic
sicldof thejec s hRely to occur unless the dint particles
are soft organic materials that might be shredded be-
tween the slidimg sufaces. Tomininnze diag by foreign
m:tenal, graphite waxes are used on shas 1o allow
clectrostatie: charges o draim away. Unfortunatels,
araphite issoftand a good thenal conductor and it can
alsodriaunbca. nce the dectrostatic charges ane most
hikely 1o develop at low iemperatures where the heat is
most needed at the intertace, the comcidence ot goad
clectrical and thermal conduction in graphite is antortu-
nate.

Electrostanie charges are commmon on 'ubbing bod-
1cs, and coatings o induce celectrical conducuvity o
minmize charge accumulation on surfaces are widely
uscd. [t is hnown that electrical charges can arise from
different temperature gradients i the rubbing solwas
(Bowden and Tabor 1930), ditferent surface wempera-
tures, stresses n the selids, or phase boundaries. Since
meltwater s shed trom ice grains it is Thely that the
displiced water prefarentally removes accumnlated
charge. thus leaving the ice graan wath the opposite
charge. Cinng carlicr work, Dorsey (1940 repoted that
merely dipping ice imio water s sufficient o give e a
postive charae., which 1o tum mieht induce aneganve
charge on the shider.

Whendry tubbing eccuns, the charge separanon has
beeiobserved to depend ontemiperatune and speed and
iharetore on the duration of the contact (Latham and
Muason 1961). Takahashi (19690) found that rubbedce
surtaces, including e surlaces covered by a hygud
layer ( Fahanashn 1909h). developed a targe negative
potential. This might be explained by shearing of the
clectnical double Javer at the ice/water interface, which
could preferentially temove positive charees and leave
the ice surface negatively charged (Shewchuk and
Iribarne 19740 For 100 pn droplets of pure waten
—107°C . the charge separation incredsed rapidly above a
threshold speed of 10 m/s0 thus suggesting that this
ctfectis only important at lngher speeds. Howev. v the
resuits for pure water were erratic, suggestimg that both
the magniade and the sign ot this effect were veny
senstny ¢ stdd? amounts ot impunities e water.
Signveversals have been observed inotherexpermments
as well, and the theory ropotsutticiently well developed
to allow us to adentity the important processes with

contidence (e Baker and Dash 19890 Prappachies

and Klett (1978) reviewaed the processes that might
aecount tor cluree separabon on ice, but the miorma
bon does not allow us to decide which meechanisms are
opcrative opslidens, Tetaone how much chan g sepaa-

toin there nongitbe Tos very ikeh that charge - dara

tuon ogcurs on ghidimg skiscand 1t seems certaun thiat
clinge separationr would attract npunties of a size that
woukd interfere with ghiding. It also scems possihile,
although not mmporant, that cliinge sepatation could
change the pressuie off the slider on the snow. Fog
example. electrnical double layers night support i pres-
ware of about 107 Pa (Tabor 1974 which  much
seudler than the yicld stiess otice. The occarrence of
charees might be most imporant when ary shding
occurs at low hunudines and/or when the mostme s
terisbeing shed from the snow grains, Measuiements of
clectrostatic charges on shis should be made toidentify
the condimons under which this phenomenen occurs,
Mceasurements ol the »wa-cr pressure at the base of i
shidmg skiare also necessany to adentity the condinons
where caprllary actionmay add draz to the shi. Colbeck
(1988) suggested that there are two tvpes of snow grains
that interact with "o o those tat support the weght
ot the shder with either solid to-sohd contactor throngh
high-pressure water tilms, and nonsupporting griuns
that are incontact with the shider through a liquid bond,
suchas the one showmin Frgure - These exertindrag on
the slider.because of the hy steresis inthe contactangle.,
and acdownyand toree because of the reduced pressuie
nany water aitachment wath this shape. While their
existeace s unnreven, capiflany ashands or ciectneal
charges wie the only proposed mechamsims for the
icrease e diag that s associated winh wei condinons.
Capillary torces should be high when shding over
fresh,wetsnow because of the smaller and mare numer -
ous pores underthose conditions. The stction m i pore,
shown i Frzure 130mercases as the inverse ot the pore
stze, and fresh or fime-grained snow has smailer pores.
For cowrse-gramed snow the gcometry shownan beare
4 suggests that the forzes would be areater when fess
water was avinhable be cause the Torce on cach parncle

would be areater for snvaller hguid aistands However,

more iskands would be active iVmore water were ar il

b1
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Frgwre 15 Warer drasen our of small pores The ware
Dradges develop siction ilar inercayes as e tiocrse -f
the pore size The same idea appites o watcr held o

crevices aind ar Jriric oy




Table 3. Contact angles of water on various sub-
strates from Bowden and Tabor (1964).

Contact

ungle
Substrate tdeg) Comment
Sha lazquer Q
Paralfin wan-graphite YRS Decreases witls tine
Paralfin wax 11X Decreases watie time
Aluttunuim seasate 122 387 whenrubbed under
water
Nylon 0
Perspex 0
P.T.I L 126 Remains constant

able, so the effect for coarse-grained snow may be
greatest at intermediate values of water supply. While
the geometry of the pore or ice particle may determine
the water pressure in the connection, the surface area on
the shider is largely controlied by the comact angle of
vater on the shider base. As shown in [Migure 4, there 1s
a hysteresis inthat angle as the water shides over adry
base. On the leading edge the angle increases as the
water advances onto the dry surfuce and, on the aling

sdaa tha anal
sarl ot and.

rreceds froma
vetted surface. This change in angle greatly ncreases
the drag on the shider.

The downward pull on the slidereserted by anisland
is the pressure in the island times the contact arca. Both
pressure and contac cneaare determined by the shape of
the island, winch is affected by the geometry of the ice
surface ond the contact angic on the shider. Bowden and
Tabor (1964) reported contact angles for various sub-
stances of interest and also reported that, for some of
these surfaces, the angle decreases with time as the
molccules in the substance reorient. Some of these
angles e disted v Table 3, where the disadvantage of
the old sk Laequers and the great advantage of PT L.
isclear. While the tme constant was not reported for the
decrease incontactangle, Bowdenand Tabor did ieport
that the effect of wetting o newly waxed skis could be
observed afterashortdistance of shding. " tis notclear
if all modermn waxes have this same disudvantage but if
they do. that would explm why skis are roupghened 1o
help overcome capiliary bonds. Italso points vut one of
the great ditferences 1 polymers since some. such as
nyvlon, will aliow water 1o penetrate (Cobien and Tubos
1900), which reduces the strength, increases the real
contact arca, and thus increases triction (Lancaster
1972) Water pencuation should be reduced by proper

WUNINg.

Combined modcls of the processes

From whatis known about the different processes, it
is likely that varices ones deminate under different
snow conditions such as temperatu: - <rystal type, and
wetness and different shider char.  crisiics such as
length, speed, load, and thermaul conductivity. From the
available ¢ vidence, it secems that plasuc deformauon or
fracture of the asperiues dominates under conditions of
fresh dry snow, low speeds, and low temperatures. A
higher speeds and higher temperatures on smoother
snow, the processes are predominantly elastic deforma-
‘ton of the solids with hydrodynamic lubrication be-
tween the sohds. For sull higher temperatures with wet
snow, capillary attachments increase drag on the slider
base in a manner that 1s sensitive to the contact angle of
water on the slider, the roughness of the slider, and the
geometry of the snow grains. Given this complexity, it
s clear why Lehtovaura (1989 said that “one parucular
ski can operate optimally only in a small range of track
ard air conditions.” For this reason we will construct a
simple model thiai describes snow friction 1n terms of
the amount of water avaiiable for lubrication at the
interfuce. The-i-'2abehind thismodel is shown in Figure
14: thesominent process depends onthie film thickness,
which in turn depends on both the amount of micltwater
being produced and the efficiency with which itis used.

Calthacl: 11URQy Ancrrilad the Avarall fric
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stider onseow asconsisting of three components whose
relative significance depended primarily on the ambient
temperature but also onthe heat loss into both the shider
and the supporting ice grains. Indry, cold snow much of
the heat produced at the int-rface is Tost o conduction;
thus the friction is determ: d by a combination of the
forces required to deform i soluds and the hydrody-
namic drag in thin films. When the snow is wetand heat
generation atthe mtertace is a disadvantage, the friction
ts controlled by drag due to capillary torces and the
hydrodynamic drag intincker films. Untortunately . tie
only one of these three processes that has been de-
scribed quanutatively at this time is the hvdrodynamie
drag. and that has only been desernbed for snow if the
interfaces are smooth and 1f the heat and mass balances
are known at the interface. Lehtovaara (1989 modelled
friction as the sum of wet and dis components that
opcrated over different portions of the base. The wet
friction was described as ineg 21 and the dry friciion as
i eq 15 When the appropnate ateas over which these
processes operate are known, a generally apphcable
model of friction can be constructed. Untortunately,
these arcas are not only unknowr but clastohvdio:
dynannes suggesis that the contact arcas are even 1l
defined since the sohds canmteract through flud pres-

sute without commyg m direct contact. Thus @ simple
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Figure 14 Frictionvsyeater filmthickness. The friction
1y greater when the films are thinner, because of solid-
to-solid interactions, and when there is too much water
present.

empirical approach will be used here that isbased on the
three main processes used in Figure 14 Since the
refative importance of these three processes is con-
trolled by the thickness of the meltwater film, which is
inturn atleast partly controlied by the heat balance atthe
sliding interface, we begin by examining that heat
balunce.

Interfucial encr gy halance

The heat available for meiting at the interface is the
heat generated by friction and radiat.on absornunn
minus the net energy balance due to conduction. The
total energy balance 1s

Wi + \-.'l(l - U.)R = /ml‘?p,/,fz gt +wly -
(27)

where /15 the rate of melting at the contacts, ¢, is tie
heat flux into the ice, and ¢y is the heat flux ino the
shder. uois the albedo of the base of the slider and K is
the solar radiation impinging directiy at the interfuce.
Later we show that this can greatly affectthe interfacial
temperature and theictore the friction. The heat tlow
mnto the shider and the heat tlow mnto the 1ce must be
treated separatcly because the shder accumulates heat
asitmoses butthe ice is constantiy renew ed. Assuming
the snow grains instantly reach 0°C whei the shider ar-
nves and remain at thatwmpernature during the passage
of the shder, Colbeck (1988) suggested that the heat flux
IN1O 41 1CC £raim is
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(m\‘lr)

where T, 1s the snow surface temperature in °Cand 71
the time since the onset of contact for that snow grain.
If the grain is in contact with the ski along its entire
length/, the average heat flow into theice grantis given

g = =2 ( L (29)
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The total heat loss into all ice grains during passage is
nmS times this value.

To aralyze the heat fiow into the shider, Colbeck
(1988) assumed that any point on the slider was at 0°C
whenincontactwith anice particle andat 7., otherwise.
It was also assumed that the top of the shider was at the
same temperature as the snow surface and that the heat
flow was only vertical. These assumptions are show. nto
be rather poor by the temperature measure.aents at ihe
base of skis reported by Coiback and Warren (in press),
as well as some new measurements discussed luter.
Accordirgly. we take the heat loss into the shder as a
parameter that <an be greatly affected by such simple
things as the color of the slider and 11s metal content. A
more complete eneryy balance of aslider than that done
by Colbeck and Warren (in press) is needed 1o get the
necessany mntormation about the thermat response ot
skis 1o heat production by speed. radianion balance. and
ambient temperature. Whenegs 27 and 29 are combined
and the rotio of arca to weight is taken as ¢, the rate of
melting over coniacts of area niw 2 s

. . 172, ..
h=.wl_ (“ﬁ'_‘ CR g2 (_“_) T
Wep \owd ) K, A
(30)

where 7, s i °CoThis is an eapanded version of
Lehtovaara™s (1989) ¢g 19 an 1is siilar to the equa-
tions denved by Colbeck (1988). Tt gives the meltwater
production rate, which, along wiath the shear removal
rate, contiols the thickness of the water tilms. The
stgntficance of the different tenms is described ater.

Lmpuical model

The experimental evidence shows that there s i
range from dry shiding. where 100 Iithe meltwater s
avinlable to very wetsliding. where too much meltwa-
ter v avarlable. Because of s, Colbeck™s (1988)
cmpirical model was Based on water fitin thickness,
Whiie this model captures the basic ideas about the
physics of the processes as eaplamed w this mono-
graph. the model s use s Iinted by the lack of conve-

nient ways to measute the tins s thickness. Conceptu-




ally itismerely anattemptto fit equations tothe existing
ideas about how friction works. but it does not increise
our understanding of the processes.

Taking wetand dry friction as paraliel processesthat
operate according tothe ideas of elastohydrody namics,
the total friction is given by the sum ot the interaction of
these parallel processes and the friction due ta capnlary
auracuoR. oF

U= .uwp + .ud.’y Hiub (21,
.udr';"" Fiun

The experimental evidence suggests that dry friction
decays exponentially as the thickness of the meltwater
f1IM INCreases, SO we assume that

where §1s wconstant for given conditicns. An exemple
of how thetoial frictionand its components change with
wate. film thickness is shown in Figure 15 for a typical
setofcondiions. Overallthe fricnon s a balance among
1ts differentcomponents with the result that it reaches a
minimum at anintermediate value of fiim thickness.

Summary of models and processes

It shouldbe clear fromthe precedimg discussions that
some of the fundamental information about snow. tric-
tion is missing. There will be much speculation about
the shiding processes until we know the scales at which
the dominant mechanisms operaie. Studies of the sur-
face topography of sliders and snow must be done in
conjunction with measurements of friction, electrical
charges, surface temperatures, and water £:lm thics

"

Ugr, =€ exp (&) (32) nesses. Thenthe theony of elastohydrod: namics can be _
’ applied 1o test ideas about possible mechanisms. Untl *
where € and £ are constants that ¢an be determined then. discussionsof the mechanisms will be speculative
experimentally but that would vary with the presvailing and models of the processes witl be qualitative at best. ]
conditions. While [y, can be determined from the Empirical models such as the one presented above may ""*

phy sical ticory outhned ubove for the dynamics of the
water film, there is no physical or expermiental basis for
quantifying the trictional foree duc to capillary attach-

be of some practical value but cannot possibiy include
allofthe paramieters of interest. Given this situation, the
experimental observations discussed neat wie particu-

{ meits. Smeethe importance of these attachments must larly vaiuable but, as was explained above the apploa-
increase with the availabiliny of water, and remaos al by bility of aneapernrental resultis Tinmted o the range of
hoth whear and cguecre increaaes aw powers of £owe cardhitons over which the exrern.enst was condacted,
assure that the diag increases as a power of /o Ac- because the precesses that control the tnction change N
cordingiv., with parameters such as speed and shder length. Never-
theless, euch has been learned from both Laboratory ]
i3 P :
Uip = {3 (33) tests and skier expeiience.
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IV.SNOW FRICTION MEASUREMENTS

There is a long history of micasurements of snow
friction but, becuuse of the large variety of important
parameters in these tests. it will still be a long time
before there is enough good qualiity data to provide all
of the needed information. Certainly much of the prob-
lem is due 10 the lack of mcasurements under the
conditions of primary interest: long sliders moving at

- high speeds under a variety of natural snow conditions,
Accordingly. the availuble experimental results are
uscful for 1os estigating the important processes but do
netprovide information about the cocfticient of friction
urd2o most condinons of interest. The existing expen-
mente! evideace does give us information about how
friction vanes with parameiars such as speed. foad. and
temperature vader laboratory conditions.

n.ffect of speed

Atlow speeds. Bowden and Tabor (1964) found thu
the friction of miniature skis dropped slowly as speed
increased gradually. so, at a speed of 0.U3 m/s. the
friction was only slightly less than its static value. The
same pattern was obsenyed fora varety of materials but
with less frichion for waxed wood than for lacquered
wood, Persper , or aluminum. However. the friction for
All of these materiads dropned oreatly when the speed
wits increised 10 S m/s, presumably because ot the
ereater heat and mehwater production at these higher
speeds.,

Shimbo (1961) observed similar behavior tor

P.T.E.E. with the fricion dropping very rapidly as
speed firstincreased. as shown in Figure 16. Forice the
friction continurs to drop with increasing speed but
with snow it is usualiy found that friction increases at
speeds above 5 to 10 m/s. As shown in Figure 16,
Kuroiwu (1977) observed this behavior for both wuxed
and unwaxed polyethylene in both wet and dry snow,
Spring (1988 )also obsery ed this ncrease. especially for
wet snow. white the friction of dry snow stayed low at
least up 1o 10 m/s. as shown it Frgure 16, Colbeck
(1988) explained both the decrease at low speeds and

the increase at higher specds interms of the dy namics of

the water films  However, it scems Dikely that the
reductior of solid-to-solid interaction ws speed first
incireases and ithe greater heat loss at high speeds are al
least partly responsible.

Fronithe dataitis clear the friction decreases below
the static value once speeds are great enough to intro-
duce some lubricating meliw ater and that friciion in-
creases again once the speed exceeds 2 m/s, according
to Spring (1988). or 10 m/s, according to Kuroiwa

1977). 1tis not likely that the trend seen in Spring’s
results can continue since aireraft landings on snow and
skiracing wouid be impossibic. For the same reason. it
1sunhikedy that the steenening trend shown in Kuroiwa's
data courd he correct. However. it dous appear to be
correct thyt e friction mcreases af hivher sneeds
possibly because of both the dynamies of the water tilin
and because. as shown m eq 29, the average heat flow
into the ice grains increases with speed as would the heat

loss from the shider due to energy exchange with the air.
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Casassa et al. (1991 ) measured the friction of sitow
on snow and suow on 1ce. While their work was de-
signed 1o providz infonmation about flowing snow and
not about shiders on snow, the sliding of ice on snow or
snowonice mightprovide some insightinto the processes
of snow friction at low values of load. At these loads,
snow particle divaggragation and movement can add
drag. and ice-to-ice adhesions must also be considered.
Thus their results are not used here. but they do show
interesting effects of speed an ditferent temperatures,

Effect of load

When the cocfficientof fricionis independent of the
load on the slider, the processes of friction can be
described more castly, since it is then assumed that the
contact area is proportional to the load (Bowden and
Tabor 1959). Kuroda (1942) found that the coefticient
of static friction remained constant with increasiny
pressure fora variety of snow conditions and materials,
and Bowden (1953) found a similar result. He also
showed that the coefnicient depended on the type of
surface. beig lowest for P.T.EE. Shimbo (1961),
Kemonen (1978), and Springet al. (1985 ) found stmilar
resutts for both static and Kinetic friction. Ataspeed of
01 m/s. Bowden and Hughes (1939) found that he
coefticient of friction of i ski on snow decreased wien
thic Joad vaceadad Gbout S0 Rzl wind Liichasan S
tound that it deareased Tor increased loads at 2.5 m/s.
Wiath these speeds and 1anges ot loads, the fnctional
yrocesses would have changed from dry processes to
iubncated processes as the load imcreased. and thus ihe

experimental results mav simply indicate that the mode

of shiding moved trom the left-hand side to the nuddle
of Figure 14

Lffect of temperature

There has been a 1ot of interest in the effect of

ambient temperature on shiding friction, because the
effectis discernable to boih ice skaters and skiers and it
is relatively easy o observe experimentadly. Eq 30
shows that the rate of meltwaier production decreases as
temperature drops, and itis cicar that the thickness of the
layer of meltwater decreases with decreasing tempera-
ture. Ambach and Mayr (1981 found that the effect of
temperature was most pronounced in the first one-third
of a ski run bejore the speed increased to the highest
values. Thus it is the combmanion of weight, friction,
speed, and the energy balance at the interfuce that
controls the generation of meltwater; the ambient air
temperature, snow surface temperaw and radiation
balance all contribute 19 this energy uiance. Since
snow :urface temperature 1s verny difficult to measure
because of radiational effects on sensors, use of the air
temperature as a parameier is common, aithouzh the
shider/snow inter fucial temperature, not the an tempera-
ture, is oF primary interest.

Bowden and Hughes (1939). Klein (1947). and
Ermakov (1984) measured steady increases i fiction
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with dovicin
Warren (in press) found that ski buses were colder at
lower ambienttemperatures. Bowden (1953 teand that
static fnichon increased atlower temperatuics but that it
also increased at an temperstues above hreeszing and

ihatbothsublreezimg andsupraficesingeffects depended
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greatly on the type of material applied to the vase of @
ski. Bowden and Tabor (1964) found a similar response
at low speeds (Fig. 17) but found a great difference
between P.T.F.E. and other materials. Ataspeed ot 2.5
/s, Ericksson (1955) observed a more rapid rate of
Increase in friction for steel runners than for wooden
runners o the temperature droppad, presuraably be-
Cuus2 of the greater h2at loss through the metal. How-
ever, Ericksson tound that the friction on the wood
runner incr2ased above about —1°C, not zoove 0°C as
Bowden had observed. This suggests that for highiy
polished, hydrophilic runners, capillary drag may be-
come important at temperatures just below the melting
temperature. Outwater (1970) suggested that this
mminmum in friction occurs at different subfreezing
temperawures for different ski surfaces.

Effect of snow type

Itis generally agreed that tresh, cold, and man-made
SNOW are aggressive because they erode the base of aski
and ncrease friction. Accordingly, harder waxes are
used under these conditions. Conversely, old, warm,
and dense snows exhibit low friction. This is partly due
10 the decrease in triction with increasing grain size
(F1g. 18) whichcanbe explained by the dynamices ot the
water film (Colbeck 1988) and by the greater eiastic
response when the grains are bigger or smoother. Klein
(1947 staied further that the resistancee o shiding was
high wiath fresh snow unul it fostits deadntic structure,
and he suggested that Tiner snow structures had higher
sliding resistances.

Hamaainenand Spring (1986) tound that the kinetic

friction of skis tended to decrease for harder snow
surfaces, butthe effect was not very large. Thus several
ivestigators found the highest friction for fresh snow
and the second highestfor wetsnow . while older, higher
density. frozen snows had lower friction (e.g. Kuroda
1942). Tt appears that crushed ice has rather aifferent
propertes than most snow (Shimbo 1961, Lehtovaara
19%9 and should be avoided as a substitute for snow in
laboratory eaperiments.

Effects of slider characteristicy

The etfect of length observed by Ericksson (1955)
and shown inFigure 191+ well known tosKiers: itis one
of the reasons why longerskis are used for racing evenis
that emphasize speed rather thanturning. This canbe u
least partiv eaplained by the thickening of the water film
along the lergth of the ski, as discussed eabier. The
eftect of the thermal conductivity of aslideronice was
observed by Bowden and Hughes (1939;. who first
suggested use of low-conductivity metals iar sKiedges.,
Thisides was extended by the theory of Colbeck (1984
and the thermal modei ot a ski by Colbeck and Warren
(n pressy w ho sugeested that highly conductive mate
rials such as aluminum should be avoided. especialiy
close to the base of the ski.

Snow skis are routnely impnnted with ditferent
roughnesses and coated with wases of different
hardnesses. T an impuitant serics of tosts. Shimibo
V1961, 1971 ) showed the effect of hardness and rough-
ness on Kinetic tnction at a speed of 2.4 m/s. At an
ambient temperature of 3°C. the kinetic friction 1s less
tor rougher surfuces (Fig. 20y whereas at =2°C, the hi-
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netic friction increased hightly with rougheass. These
tests should be more detailed in the finer scale of
roughnesses. especially inthe range of 010 10 pm where
ski roushnesses generally occeur.

Thetheory ¢elastohydradynamics described above
should apply 10 snow when the slider is harder than
snow but is still highty elastic. When the slider is sofier
and begins 1o erode and roughen. the increased rough-
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ston of the shder because of inereased solid-1o-soid

mteraction, Figure 21 shows Shimbos 1esults for wax
hardness Galower vatue of penetranion indicates a harder
surfuce). The results of these tests eaplain what is
common knowledge o skimg: harder wones work bet-
ter at lower temperatures, and softer waxes work better
at bigher temperatures. The effect 1s especially pro-

nounced at lower temperatures where the coefficient of
friction decreases rapidly as wax hardness increases,
possibly because the harder ice surfaces are capable of
penetrating the polymer bases of sKis at these tempera-
turcs. As shown in Figure 0. ice increases i hardness
with falling temperature much more raprdly than
P.T.F. L and ice is the harder substance below about
—-15°C. Sinceice is capable of eroding skibases atlower
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rouzhening at lower temperatures singe. as shown in
Figure 20, friction increases with roughniess at sub-
frecaing temperatures. The etfect of rouchness on tric-
tion at lower temperatures is probably much greater
than suggested by the results in Figure 20, buttests such
as these 1emain to be done at lower temperatures.
There are other important etfects on shiding friction
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but thare are no observations of these effects to report.
Electrical charges have been observed to accumulate
when snow is rubbed against itself (Chalmers 1952).
and these charges may account for some dirt accumula-
tion by the shider. Measurements of both the charges and
the dirtare lacking and, while the charges should not be
too difficult to mencure, the dirt muay be hard 1o cheerve
because it is likely 1o be in the size range of microme-
ters. Micrometer-size particles would be casily att-acted
by clectrical charges and, if harder than ice, would be

V.OTHER SLIDER MEASUREMENTS
AND SIMULATIONS

The most uscful information that could be obtained
at this time would come directly from the shding in-
U face: the aistribution of thicknesses and areas of the
o dtwater films the surface roughness of sliders, the
surface roughness of the supporting ice grains, the
-Loactareas of the solids, the deformation of both solid
surfaces, their temperatures, and the nature of capillary
bonids. Here we review the small amount of informetion
that 1s available about these subjects: information on the
contact arca bencath the shider and the thickness of the
meltwater fils.

Temperature imcasurements a* the base of the slider
are an indirect measure of the processes and properties
atthe mterface, butthey arc importantin theirown nght.
Tiiey are much mwore casily made than any of the other
measurements, and it is very important to hknow the
temperature at which the interfacial processes teke
place. While ambient wir temperatuie was teported as

-
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the most important parameter for the friction measure-
ments given in the last section, it would have been
much more informative to report the interface tempera-
ture of the slider, which is not determinea by air tem-
peratwe alone. In fact. in some circums ances solar
radiation may be more important than air (zimperature.
Temperature is aloo 2 direct moeasure of the ceneration
of the interfacial heat, which generates the meltwate:
that controls the friction

Film thickness

Bowden and Hughes (1939 made the first attempt to
measure the thickness of a meluwater film. However,
they used a crude method based on the clectrical con-
ductivity of salt water, and thoie estimate was almost
certainly teco mgh, Ambach and Mayr (1981) used a
100-mni? capacitance probe placed at *he base of aski
to determine the ihnckness of the tilm and thus obtaimed
the first values that are at feast closc to being correct.
Because acalibration procedure was necessary toconvert
the voitage signai into a filim thickness, the reported
values of thickness are not necessarily exact, but they
are almiost certainly of the right order of magnitude and
show trends with vanying conditions that are very helpful
in thinking about the processes. Ambach and Mayr
found that the water filin thickness vaned with snow
temperiature, speed. shi base pieparation. and snow
surface condiions. The filmthickness (Fig. 22 decreased
with both snow and air temperatures. While it would Le
speculative W exuapoiate these vaiues to lower e
prratures, it seems reasonable that the fillm tnckness
would continue o increase with ar temperature, sSnow
wetness.orsolarradiatonabsorption. Similar measure-
wents 0w much lower temperatute tange would pio
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Figure 22. Water film thickness vs temperatures of the
snow or air (after daia of Ambach and Mayr 1981).

vide a great deal of information about the transition to
dry shiding.

Ambach and Mayr (1981) found that use of the
recommended TOKO wax for their range of snow
temperatures produced thicker water fiims and pre-
sumably lower friction. However, their tests failed to
show any effect of ski roughness. While the results of
these tests are from a linuted range of conditicns, they
add agreatdeal of credibility tothe meltwater lubrication
theory and confirm some conclusions drawn fromtheory.
experiment. or experience. For exan ple, the observa-
tion that jess imeltwater is generated when the snow is
colder supports the use of ¢q 30. Toe observation of the
effect of waxes on the thickness of meltwater films
helps quantify thinking about the use of wines. It
suggests, for example. that the difference in film
thickness between TOKO yellow and TOKO green wax
at asnow temperature of -1 1°C would be abeat 1.5 ,um.
Using ¢qg 21, this suggests that the yellow wax would
increase friction about 30% over the green wax. This
difference s great enough to be observed by skiers,
which explains why wax technology has evolved to a
high level even without detailed measurement., of the
domumant processes. The green wax 1s reccommended
for these conditions, and the vellow wax is recom-
mended for much warmer and wetter conditions.

Contact area

The concept of contact arca in snow tribolugy must
be evpanded tonclude sohd te-solid contactand solid
1o sohid micracnon tirough a hiquid bodge. Tt may not

be possible to separate these two fonms of interaction
since the liquid bridge is sometimes a very thin liquid
film under high pressure squeczed between two asperi-
ties, even asperities that would pass without any contact.
The total contact area as seen through a glass plate
mounted in a ski 15 an approximation of the true intei-
action between the solids since it gives the total of the
contact arca but does not provide information about
direct contact versus interaction through a liquid film.
Inaddition, itis very unfortunate that these observations
have not been made over a range of conditions to find,
for cxample, how the contact arca changes with load.

Rased on the hardness of ice, Bowden and Tabor
(1964) esumated that the fractional contact arca would
be between 10 and 3107 for temperatures from just
below the melting temperature 10 -20°C. This assumes
that the slider is harder than ice and that none of the loud
is carried by pressure inthe water films. These are upper
limits for the direct solid-to-solid contuct and would be
reduced significanty if the dynamic pressure in the
water films separated the sohids. Huzioka (1962) ob-
served the contacts directly through a glass plate and
for.«d a much larger fractional contact arca of
1.4+ 107> Much of that was due to the supporting water
films.which were sheared away from the contacts along
with some ice hlings. Presumably at mgher speeds.
where more heat and meltwater are gencrated. the ice
filings would disappear as the water fitn duckened. Tos
not clear what would happen then to the contact arca,
ana contimued measurements such as Huzioka™s are
essential to understanding snow Triction.

Torgensen (as reported by Perla and Glenne 1981)
found a contact area for new snow of less than 1% that
mcreased to nearly 80% tor new. melung snow. More
recently Pihkala and Spring (1986 measured the ther-
mal conducnovity across the shding nterface as an
indirect measure of the contact area and tound much
higher vadues than had been previously reperted. For
dense snow ator below --3-C they reported contactareas
of 510 15%. and for dense. wet snow they observed
contact wicas of 45 to 1004, depending on the hiquid
water conwent of the snow., Apparently the hquid water
content of the snow has o Targe eftect on contact wea,
but dis arca may have 1o be apportioned among soid-
to-solid. load-heanng water filims and capillar bridaes.

Slider temperatures and heat flow

Although the temperature at the base of the shder s
an indirect indication of the processes. 1t as ¢asily
measured under a variety of conditions. Furthermore,
by measunng the temperatuge profile mashder. the heat
flow into the shder can be calealated, which provides
irformiation about the removal ot heat from the arcs of

melavaicr production. T 22 techigue tor nthanyg these
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Figure 23. Ski hase temperature vs time for three runs at differen:
ambient temperatures (after Colbeck and Warren, in press).

measurements was described in Warren et al. (1989),
and the results were summarized in Colbeck and War-
ren (in press). Some more recent iesults are added here.
Similar measurements are frequently made by tribolo-
JUNTS

Typreal results of temperature measurements at the
buse of a downhill ski are shown in Figure 23; it can be
scen that there is a sudden increase in temperature at the
onset of motion ind tha' the temperature reaches a
plateau if given surficient time. This steady-state tem-
perature is determined by the balance of heat produc-
tion, heat flow. melting. und reinoval of meltwater from
the interfac  The temperature rise decreases with in-
creasing ambient temperature but increases with in-
creasing load and speed. Thetemperawres inatrinsverse
profile across the base of the ski respond quickly to
pressure changes while tuming. and teraperatures are a
good measure of the weightdistnibution boih across and
along a ski. They show. for example that skier pressure
increases from the inside to the outside of a ski even
when the skier perceives the weightio be evenly distrib-
uted. On a hard snow surface most of the weight is
carried under the skier, but when sking insait snow the
weight 1s more evenly distributed. as indicated by a
continuous increase of temperature from the frontto the
back of the ski.

Heat produciion by triction is load x speed x the
coetficient of friction. Colbeck and Warren (in press)
showed that the temperature rise at the base of a shi
mcreases with speed and load, and thus it is reasonable
to assume that the temperature rise incrcases with the
cocfiicient of friction as well. According!y. T interpret
the temperature rise at the base of the ski to be a zood

indicator of the friction on the ski, aresult thatis clearly
shown in Figure 24. Wood skis are known to have a
higher level of friction than P.T.F.E. (Bowden 1955)
but. as is shown in Figure 24, well-waxed wood runs af
amuch lowertemperature than unwaxed wood. Presum-
ably the unwaxed side gencrates more meltwater through
frictional heat dissipation, but the 'vaxed side uses melt-
water more efficiently. We will return to this issue in the
next chapter when we look at the 1otal energy balance.

Skis are generally constructed of different materials
with marke-ly different thermal responses. The rate of
heat flow into a ski is an important aspect of snow
friction since, as has been shown earlier (¢.g. Bowden
and Hughes 19239), friction increases when the shder is
more conductive and can remove mere heat fiom the
interface. Some ideu of the hear flow patterns can be
derived from the temperature response at three levels in
a Rossiznol DH ski (Fig. 25). This type of thermal
response was simulated inanumencalmodel by Colbeck
and Warren (in press) for various positions along the
bottom of the DH ski, and some results are shown in
Figure 20. For tour ransverse positions tron; the sieel
edge in Figure 264 to the centerhine of the skiin Figure
206d. the heat flux for four different material composi
tions can be seen. Figure 26a shows that the steel edge
(cases 1 and 4y domunates the beat tlux 3 mm from the
cdge and thatthe heat flus is signiticantly reduced when
the steel is replaced by aceramic edge (cases 2 and 3).
Frgures 26b and 26¢ show that the heat fluxes at 10 mm
and 25 mm trom the edge are reduced if the steel edge
is replaced by a ceramice edge and/or if the alununum
plate across the botom of the ski s replaced by a

polymer (cases 2.3 and ) Figure 26d shows that at the
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Figure 24. Ski base remperature vs time for a wood ski that

was one-half waxed and one-half bare wood along its

length.

centerline of the ski. the aluminum plate dominates the
heat tlux (cus-:é 1 and 2) and that the steel edpe has
significant effect 10 when it is combined with the
aluminum plate case 1. With a large aluminumi plawe
running across the base of ashi with steel edges, the heat
available for meiting at the base in the center section of
the shiix reduced by about 50%.

Although incomplete. the varnety ol friction and
other measurements reviewed here shows both the
scope of the information thai is available und the nature
of the intonmation that should be gencrated aboui snow
triction. When combined with current ideas about the
processes. some usetul approaches to achieving low
friction wre apparent.
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Frgwre 25 Temperanre at three heights ina Rossignol DH s&ivs sinie (after Cotheck

and Warren in press . The temperature traces show the propagation o) a wave of heat
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VI FRICTION ADJUSTMENTS

To design a wlider with the optimam friction tor a
givensetofconditions many things mustbe known. The
processes of greatest interest oceur at the shidimg inter-
face. but there are many tactors that alfect those pro
cesses. These shder properties wre impertant:

* [oad distribution

e Surtace rotzhness

« Surface hydrophobicity

« Elisue and plastie characienstios of the

suiface layer

» Adhesiveness o e

» Swiface contaniation

« Electrical and thermal conductivity

= Colo
These snow properties are fmportant:

« Tomperature

o Hardness

* Bearmg stienzth

o Wetness

o (iinn stze

» Polish
« Surface contamination
e Depth
THe follow g processes aie also impoitant:
+ lee meltng
« Heat flow into the shider
> Heat fow imto 1ce grains
« Shear of melwater filis
« Elastic and/or plastic detomarion of solids
« Capillany brrdgimg
= Sola radiation absorption
« Cooling of the shider
e Drag by dint
« Electneal chareimg
» Solid-to sohd adheson

Giventhe ditficulty of contralifng orevenmeisu g
all of these properties. ttis Tand 1o design well-con
volled expermments to tid ihie effect of any given
pacameter. Shimbo’™s (1971 results are probably the

hest example of informative expernmental resulis, but

not all of the expernmental conditions were rcported. In




this chapter existing experimiental and coneeptual re-
sults sure discussed with the ann of achieving the lowest
friction allowed by the conditions.

Interfacial temperature

While waxes are usually applied accordimg to wir
temperature and snow conditions, the wax actually
works at the sliding interface. whore temperature is
aficcted by a balance amony heat production, heatloss,
and Lutent hieat use. The interfacial temperature can be
considerably greater than the air temperature i thus
some knowledge of the actual shding temperature voould
help choose the proper wax and/or surface structure for
the prevaiing conditions. The differences between
ambientand shiding temperatures are especially impor-
tant since the wmperature. on the absolute scale. 1s
Lotally close to the melting temperature of ice. i 1the
properties of ice change rapidly in that temperature
range even if the properties ot the shider do not.

Assuming that conditions are the same all over the
slider’s base, the total 2nergy balance fromegs 27 and
29 is

Wun 4+ wl(l =0k = p, Lnarh +
. 1;2 -
- i- (34
wl qy 4 nrrek Ty, ( “——)
YA

the first term i this equation represents heat produe-
tionby triction. the second term represents heat produc-
tion by solar radiation absorption, the third temreepre-
sents heatlossdue tomeling, the fourth e represents
heat Joss by heat flow into the shder, and the titth erm
represents heat loss by heat tlow mto the wee. Except for
the third tenn, cach s evaluated individually.

Fricional heat

It the shider carries a weightof F00 N ataspeed ol 10
m/s with a coetticient of triction of 0.03, the fuction
produces heatat the rate of 120 watts. Thus, as arule of
thumb. a downhill racer typieally wenerates as much
heat under each ski as a 200 or 300 W hght bulb.

Solar heat

Takmg a shder arca ol (.16 m? with a solar tlux ot
one half'the solarconstant reaching the base of the shider
by diftusion fron: the underly ing snow  the heat produc-
tion rate 1s 112 W ot he base it the albedo s O, or a
white buse this vade would be anorder of magnitude
less than tor a black base. so the color of a shder s
Clearly very important. When the shider s black and s
recevingintense solar radiation it can absorb nearly as
tuch heat at the base as 1t produces by fnction and,
when the heatabsorption at the sides and topare consid
cred, the otal sola tadiation ettect could control the

heat halance of the shider. Thes canelearly be secinin
Frgure 27, where the shicools rather than warnns at the
start of adownhill run because ithad been heated by the
sun. Then when motion stops., the shi Leats ather than
cools, as was Tound i situations where sunshine was not
afactor (e.g Figs, 23 and 240 In tact, the base of the ski
wis heated to above the melung temperature although
the air temperature was --9°C. n this situation itis clear
that the entive ski would be heated sutticiently to con-
duct a significant amount of heat to the base when tt
started to move wgain. An all-wood ski of area 0.16 m?
and thickness 20mm would store enough energy tomelt
about S300mm* of water perdegree of temperature rise
above 0°C it the heat could be compleicly recovered.
Although heatis used very inefficiently, as shown by
Pralzner (1947), hittle meltwater is needed to lubnicate
the shi. Furthermore, i wiarm sk would greatly aftect
friction in the carly pamit ot a skirun. as is suggested by
the lngh shi temperatures shownn Figare 27, After the
start of motion, the ski base cools for about 100 s before
reaching aplateau thatiselt is considerably lngher than
would be expected in the absence of radiation absorp-
ton. In Figure 24 the waxed temperature plateau s
nearly S°Ceooler than the hot wax plateau i Figure 27,
although the conditions ot the two tests were suntla
except for the intense solar mput occurring dunng the
later test.

Conduction mio the slider

Heat flow through the shder is a very important
considerar v simee it can vary over a wide range. For
the woodskidesenibed above the steady-state heat flow
through the ski would be about 1.3437 W, where 8T s
the temperatie ditterence doving the heatloss fromthe
shic Inthis case the heat flow would be small compared
with the heat generated by tucton: except mits an-
sient phase, the hect flow into or out of & wood ski s
neglinble. Foranall-alumimuom sk ot the same dimen
stons, however, the steady -state heat How would be
160037 W, wineh is very sigmificant <simee it would
consume most or all ot the heat production by fiction
Tor common values of 87, Smee shis e nomeally a
comphicated nunture ofmaterials, Colbeck and Warren
(n piess) studhed the heat tlow pattems with a numen-
cal model; some of the results are shown i Fraure 2o,

Wihile the steady -state response of a wood or plastic
shiis notvery important i the overall energy balancee.
thelr transient responses can be. In Figure 28 the tem
peratuie nse vy herghtis shown tor three tmes durine
the tansient phase of heating in the DHESK: sinlar
profites were obtimed from an all plastic skitColbeck
and Warren. m press). The temperature gradients ob
served mthese shis show that the heat flow dunmg: the

imtial penod o monon wouald be sinlar o the rate of




ure (*C)

.
v

Ho!t Wax /

//L:qu.d Wax |

Tempera

kSlop
| | | | L 1 I 1 |
60 180 300 420 540
Time (s)

Figure 27 . Skibase temperature vitime withanair teniperature of =9 °C buit sirony
solar radiation absorption. The diffuse heating to the ski hase by the sun causesaver v
large rise i the sk temperature so that the ski cools rather than warms at the start of
motion. One side of the length of the ski was waxed with a liquid wav and the other side
witha horwar. The side witl the hotwax reaclied alower temperatiore plateai even though
that side of the ski had a positive bras . probahly because thar side of the sk was facing the
M.

heat production by friction. thus greatly reducing the
energy available to gonerate meltwater. For a sep
change in temperature on the base of a slider, the heat
tlow o the skiat the base would decrease with time
accarding 1o

G (O.r) = —‘\'—h’”; (3%
(HKq .') -

Forapolyothylene sliderot 016 ny area this shows that
heat flow would equal 7587 W atter s of heating and
would drop rapidly thereafter. This accounts for the
rapidiises intemperature shownin Figures 8, 23, 2.3, 20,
and 28 since the heat foss into the shi would fall rapidly
with time. For an all »vood ski the heat tlow would bhe
about one-halt of that value, depending on the type of
wood and the orientation of the wood grain. In either
case. the heat flow into the: e sliders is only important
during the transient phase ol heating.

Conduction it ice

Only transient heat flows o the ce because the
shder passes over anice particle i atime period of .
It the ace pa- “zles immediately rise to the melting
temperature and stay at that temperature until the shider
passes.tegrating ¢ 28 over the time period Lo gaves

the average heat tlow into the ice grains during the
passage of the shider as given by ¢ 29, Winle the heat
flux is high because the ice grains are only in a rapid
transient mode for i short period of ume. the contact
arcaolb the wee particles is asmall pereentage ot the total

Height (mm)

Time (s)

0 02 04 0.6 0.8 10
Temperature Rise ( C)

Figure 28 Temperature rise v hereht ar differ ent mnes

Sromcthe profides shosen in Frgure 25



arca oY the shider and this must be 7 oo consader
atton. Forashderof 2 mlengthmo..  at 10 mgs wath
a tractional contactarea of 170 with the 1ee particles o1
then hyuid tdms, the average heat Biow nto i e
would be 8387 W, This is ereater 2an the steads -state
heat lossinto awood shiderbutis sull asmais ftaction of
the hear that would be yeneraied by the shdei under
nto the e
cannot be tgnored, 5§ is not a major e i the energy

those conditions. Thus while heat tlow

balance as long asthe comactarea s notmuch more than

1<

Stemmary of tierfacial reniperatio ¢

It is ¢lear from the discussion above that there are
certain things 1 the design ot a shider that should be
done to make it better suited o it intended use. For
example, lnghly conductve shders are not weli-suited
for use ai low iemperatures because they remove heat
tromtheraterface. which reduces meitw ater production
and, in the eatreme, 1educes the temperature at which
the sohids must detorm. Because ice rapdly becoimes
fess detormable as the emperaiure arops. any detoima-
tionnecessan o accommodae the passage ot asperues
would be more ditticult ar the intertace temperature
decreased. T addion. s very ciear from the shder
emperstuie measurciments shown i Ficure 27 that a
siider Pase can by dhirectiv heated by anconming soj
radiaiion that pencirates the snow and diffuses up to the
base ot the shder. Doectradition abse prron onthe top
and sides s aiso naportant since the gene. w g ol
the shider would attect riction one e the shder stasted o
move.

The theimal properties.not just the mechanicd prop-
cries. of the shder are important. Even iis color can
altect s penionmance. especraliy when there is cithe
too much or 1oo tittic meltwater asalabie. Aithough
these idess remam 1o be tested e well-controlicd ex-
pertnnents, the awauments and temperature mcasun -
menis given here strongly suggestthatshders should be
nonconductiy e and dark atfow temperatares whereat s
naportant o retwn as much heatand produce as much
meitwater as possthic, Hoseeveroat lngh temperatues.
wirere oo much water appeans to slow the shider. they
should be swehite te nnnmaeze solar radiation absorpion.
Untortunaieiy - the biack baees i shis being pioduced
today s tsually sotten than thie white bases because of
the use of carbon o graphinte. Thus the dinker bases
Ihe cutient cencration of skis are not necessantly suited

for ase at low temperatuies.

Surtace roughness and waving
Somne e ago s was suggeasted thin e shamg:
stibace should bereugzhw henteco much water prodoced

i and sinooth v hen hitne meltearer s avanaile A

ity of patterns can be rmprted on or ground mto
the boitoin o & shder, and thes should hasve several
miportant chatactensnes, The simpiest coneept is of
cotghness, bui ther geametry can vany longitudimally
along and across the sbder 1o suit ditferent purposes.
“BimdersT are commoimy used to coat sutfaces sub-
Jecied 10 focnonai wear, and these zeneraily adhere
better i the surtaces ave shightly rougheied: i the case
of metals. i roughness of about 0.5 umas best (Clauss
19725, Oteamide and stearanude are known to lubricate
pois cthylene and can be mcorposated 1 the buik of the
pol.mer where they diftuse to the sunface to provade an
ertective lubnicating laser (Cohen and Tabor 1960y,

The theors of elastohy drods namics show s that pias-
tue deformaton o the shider can be awvorded 1f the
roughness clements are well-rounded. <o ut low em-
peratures the shider shouid be prepared v ith as smaooth
arunning surfaee as possibies In s sitaation, rough-
ness with a transyerse orieniation tends to increase the
thichness of the water film, and roughness clements
withvdlongitudinad onientation shozld be avorded. Mose
quanuiatine statements could be made afier use of the
clastohydrody namic models. but to; now, Shinnbo’s
(1971 1esults shownie Figure 20aie the only quaninta-
tve results avatable. and they do potinciude toughness
onentation or even toughness resulis from the range of
THOST HCTON. (_‘lL‘illi.\ much 1escarch can e done o
provide mtamaten about shder touginess.

Binders are cormmonly used to 1educe fnction and
wear, and shywanes are Jast one cxample of them. i
cenerdi they aeapphicd mtihncanesses ot o4 timand
Consist ol organic resims such as phenolics and cposies
o1 sonehies stheones or alkyds (Clauss 19725 For
apphication onmetals, they are baked onto the surface at
temperatuzes up to 200 C and take from 15 0o to
severathovistocure. They produce imore mmtornmeont
when the substiate s slowly heated up o temperature.
althouzh wir-dryving versions of binders are also vl
abic. However aswith sk asesdhese versions are fess
durabic sind do not produce the wide ange of desned
ctfects, The hizher tempenaime platcau ol the higuid
wan as compared with the was appled at o e em-
perature thre. 27 s anesample of this Presumably the
sk wath the hot v reaches o cocter phacau thig. 27
becausc ol lower tncton, jastas wasshowinm igure 24
for an unwaned v aowaned wood sk

Wases wre apphed o sbis tor several reasans, and
ditterent wanes banve much ditferent cifects on snow
Tnctuon CBowden and Tabor 1961 Wases aie 1noie
hizhiy deveioped today so more subtle varrations are
Iikely to ocou compaed waitit those shown by Bowden
aind Tabor. Fo be most elfecnive. ™ie wan must not
mtertere wath the desned urface 1oughness ot the

sider.which suzgests that way apphvations should be




very thin—too thinto see. If well-bonded to the base of
the shider. the wax shouid be effective in altering the
hydrophobicity and hardness ot the shder without
changing the roughness. Shimbo (19711 showed that,
for most waxes tested. the thickness of the wax did not
affect the triction, although the roughness of the slider
was not reponted. As reproduced in Fieure 21, Slambo
did show that the hardness of the wax has a farge cffect
on friction, especraly at lower temperatures where ice
hardens much niore rapidly than wases. At these tem-
peratures. the wax must be hard enough to withstund
plasuc deformation as indicated by the Plasticity Index.
The wax sheuid alwuys be harder than the ice. which
may be the main advantage of modern waxes.

Temperature and pressure are knownto vany over the
length and waidth of the sliders, so optimum use cf
surface roughening und waxing shouid take this nto
consideration. At the speed of snow skis the length of
the dry area at the front of the ski1s likely to be quie
smiall if the load i~ evenly distributed. but would be
somewhat Jonger in most aciual situations. For ex-
ample, with 2 Rossignol DH sk on a hard surface.
Colbeck and Warren tin press) tound that most of the
“eating was on the iside underneath the center secion
ot the sk The temperatures were less at the front, rear,
and outside ot the skil so thowe areas shouid be wased
diid puiiingis strucieiad didicicinin i the mside edze
beneath the skier. Although Plalzner (1947) showed
that the process is veny aneficientaf heat s added toa
shder 1t should be done 1 the coldest arcas where it
weuld be most effective.

Shider surface material

The surface matenai of a shder aced only be a
fractionof s iotal tnchness butitcan havealarge effect
on how the shder performs. The surface faver of most
skisis abouta T-mm-thick fuy er of polyethy lene, which
has several distinet advantages over most other maten-
als. Most plastics tend to be selt Tubncating and there-
fore have low friction. All have low thermad conductiy -
i which s a disadvantoge innmost frictonal apphica-
tions but an advantage with snew. Unfortunately. then
cicctrical conductivty s also rather Tow oo thes donog
dissipate electneal charges readily and thus may attract
dirt particles. Most plasties have the nnportant advan
tage of absorbimg vibrations well because of ther high
clasticny  and ~emie have high mmpact resistance as wll
(Clauss 1972) While fluorocarbons have low fniction,
they do not have a ingh resistance to plastc detorma
ton.andthus Tetlon has notbeen waidedy used onshiders
on <now. High molecular weight .2 10 S nulhon) poly -
cthylene, howevers does have outstanding abtasiona
resistance and tavorable clastie properties and - wadely
used tor skis. Some manutacturess vary the molecula
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weizht 1o achieve better characteristics in different
temperature ranges where different processes control
the friction. although this etfect of moiecular weight is
controversial. Bases are avatlablie iy sintered form and
thus wanes can be retained in the pores. In generai, the
higher molecular weight polyethylenes are used at
lower temperatures where higher impact resi-tance and
better wear characterisues are important ¢ Clauss 1972,
With the fong-chain polvmers used for skis. the mol-
cctles canbe drawn outinthe direction of motion so that
the sliding actaaliy occurs on onented surfaces on the
molecuiar scale (Tabor 1974,

VIL SUMMARY

Aldthough there has beena long history of interest in
andstudy of snow friction, as in other areas of tribology,
the basic processes by which sliders move ever snow
are subjects of conjecture. Snow surfuces should be
obsenved 1o cnaracterize the roughness elements over
which ashdermustme-ve, This will help o understand-
ing how the basic processes differ with the tvpe of
sutface. Observations of snow gramns, such as those
Freures 1 oand 20 are o stant in gatheng this kind of
imtormation. but other evidence s also needed. espe-
Clariy olncrvaitons of die cirnges it occur i fresh
snow grinns danng aosequence ol passes. Intornzation
aboutthe developmentol touginess profiies onboth the
snow and slider sutfaces would help us undeistand the
scales at which the prevarling provesses occur. Whale
sothe observaiions of the contact arcichave been made.
many more are needed over awade range of conditons,
It s also necessary 1o retine this mcasurement to dis-
unguish between solid te-sohd contacts and cortacts
with mielve ater frlms I possables it would also be verns
usetul toknowat caprllary bonds suchas the one shown
i Frzure o existon snow surtaces and. it soowhat therr
contribution s to the drag.

It has long been assumed that the diag on ashideron
snow const s of aominiure of components that arise
from ditterent mechuwmsms operating simultiancous]y.
It the snew density s oo low 1o suppost the tapid
apphicat on of stress by the shder, tie snow s plowed
and compacted. Atlow speedsotemperatures, sind toads
onhard snow sutfaces, the donmnant precess s usealiy
detormation of the aspenities on oine or hoth surfaces.
Howes e owhenmichiw aten s generated by phase chiange
atthe mierace. combined sohd-1o soiidinteraction and
m e aterlubncatonaie the donmnant processes. Theie
dous notappear o be suthicient heai aviaiable to gencer -
ate cnough medtwater o separate the surtaces com
pletely and so undermostencumstar esot subficeszing

corrrnons, b will be necessary 1o use clastohnvdio




dynamics to understand how the asperities interact 1o
cause drag. When gregier quantities of meliwater are
preseni, complete separationotthe asperities 1s possible,
bui the sustace arca tor drag increases considerably - In
addiuop, cupillary attachments may then add drag.

Several other mechanisms may be important too,
including electrostauc chargin and ¢ ntamination by
dint particles attracied by the charges. Of ull of these
miechanisms. the one that is easiest to understand is the
shearof meltwater tilms. Their gen sration is controlled
by heat production at the interface and heat flow into
both the slider and the ice grains. While heat tflow into
theice graimmsisnever I-rge compared with heat produc-
tion, cither heat flow into hiphly corducuve sliders or
solar radinnon asbsorbiion by dark shders canconuol the
interfacial temperature. Thus the choice of both shder
material and coloris critical and depends on the condi-
tions for which the shider will be used.

The front ol ashdermoving at subfreezing winipera-
tures tends to be dry and 1t can be eastiy abraded. The
matenial and coating chosen for the front should con-
sider the higher frichion and abrasion as well s the
lower temperatures there. Depending on the weight
distnibution, the same may be true tor the rear. Because
the fraction of the shder that s subjected o diy shidimg
depends on the thermal properties of the shider and the
rate of heat zonetion extreme caugtion should he used
in apphyiig the resuits of Taboratony tests o othicr
condiions. In particutar, the shoir and slow shders
gencraliy used mthe boratory may experience amiuch
Targer propornon of dey shiding than the prototypes they
are micaded torepiesent.

Poly ctiwlene surtaces are knoan 1o hinve low frc-
tion and are better than inost othar polvmers, al
thoughwatersanmetfecus < lubrnicant forthem (Cohen
and Tabor 1960). Tins gppeais to result from a coimby -
nacon ot propertes thas distinguish tins particula
niateral

« Lo hvdiophobic aind rermams so under hunnd
cond-tons,
< I hard and s not castiy damaged by ce particles

overmastoltherange ol empenatures o mterest.

It haghly elastic and so aspentiies can detorn o
abiow relatnve moveinent of the surfaces by
clustic, tethier than permanent. detormation.

o [t can be sinoathed and rmprinted otk ditferem
patteins that abiow mere fav opable interactions
watinice graies inhe piesence ob melisater,

« Ji can be made porous,

o ltcan be readidy coated wath woases and otha

polvioer s

» [ee does notreadsiv adbere toar.

« [is triction 1s not greatly aftected by surtace
contanination (Lancaster 1972).

Someofthese charactenstics couid be usedto greater
advantage by using clastobvdrodynamics to predict
how the meltwater films anc  :eice grains interact with
ditferent patierns on the sl rsurtace.
tovide much-needed
guidance us tohow triction vanes with temperature and
grain size and with shder roughness, hardness, speed,
load, and length. Since friction 1s generally low itis
difficult 1o conduct tests to show how 1t vares, and
these ests are ever more difticult under the conditions
of mostinterest. The results clearly show that frictionis
high whentoomuch wateris presentand thatitis Jowest

Experimental obseryati

at or ust below O°C. Ti then decreases as temperature
drops, probably because more heat 1s conducted aw ay
from the interfuce rather than because ice is harder at
lower temperatures. Most ol the frictional processes
may oceur at the melting temperatore because of tlash
heating at the contacts. Some roeghness is desitable
when o much water is present. probably because it
helpsbreak up the water films and jongitadimal patterns
should help o remove water. Frictioe decreases as
speed Tistincreases because vf the onset of Tobricated
melting. butther ncreases at higher speeds because of
mote beatlossintothe tee vnans . Foctionas reasoncebly
independent of load, perhaps because the contact area
mcreases propoitiately . Froicthon decreases as shida
lengthimcreases, pronably because a preater proporinn
of 1s length is Tebiicated by miehwater, and thction
decteines as gram size mcicases because of the dy pam-
1oy of the water bilin.

The thicknesses of the meitwater fiims have been
deduced from two types of clectnical measscments.
The capaciiance esulis of Anibach and Moy (1981
suggested tlne thicknesses of S 1o 10 o under the
condiiens ot mostinterest. They founddecreasimg il
tnchnesses at lower temperatures. s wauld beoexe
pected tronyhe energy balance. and thicker tlhims when
the proper sk was was used. Howeverot ins of these
tncknesses cannot be explaned mitenns ot the energy
Hhat 1s iy anable o create meltwater even whe: tasly
extreme assanptions are nade shoet the poocesses Tos
vers peportant fo reselve this st hecause the cierey
balance mcthod suggests that the s are oo thinto
completely separate the sutfacesowlnle ae capaataince
resulis st

sost that they e Nerher method has o be

accepted wathout gricstion. sotle issue nustbe resolved
o cude future dimbang about the veiy processes that
da.count Top fnichor.

The contact e has beevobenved o macase watls

tenperaitre, possabin post becaise of the anount of




increased meltwater. If it were determined by the hard-
ness of ice, it should have a value of less than 10~ but
the ot served values are greater. Contact area appears to
exceed 10°? formost conditions of interest but we do not
know how much of that contactis solid-to-solid, through
high-pressure liquid films or through low-pressure
capillary attachments.

Slider temperatures can be easily measured and they
provide indirect evidence about the frictional processes.
Furthermore, since wax applications work at the inter-
face, their selection should be guided by kaowledge of
the temperature at the slider interface, not by air tem-
perature. Interface temperatures increase rapidly fol-
lowing the onset ¢f motion urless the slider has been
preheated by direct solar radiation absorption. The
effectiveness of waxing can be seen by the different
temperatures at which waxed and unwaxed interfaces
run, and heat conduction through the shder can be
observed. The heat flow through sliders of complex
structure has been computed with a numerical model,
and the results show how the use of highly conductive
n aterials can cause a significant reduction in th- heat
aailable for providing meliwater.

Given the wi-e variety of conditions that occur, it s
not possible 1a construct i shider that would have opti-
mal performance for ull conditions. Slider characteris-
tics can be moditied by restructuring therr base and
recoating them with the appropriate wax. However, the
thermal and mechanical characteristics are very impor-
tant, and cven their color can affect their performance
under many conditions. An average skier generates
mere than 200 W of heat by frictional heating, und solar
input can increase that substantially. However, some
metal sliders are highly conductive and can greatly
reduce the amount of heat available. Coatings are fre-
quently applied to polymers to reduce friction, and only
very thin coatings are necessary to have an eftect. The
technology toreduce friction on snow has developed to
a high level through the use of pelycthylene and appro-
priate coatings without a detailed understanding of the
processes described here. However, furtherevolution is
desirable, and that appears to require improved descrip-
tons of the processes.
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There is along history of interest in snow friction, but it is suili necessary to speculate about the details of the processes.
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